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Streptococcus pneumoniae is an important human pathogen capable of entering the competent 
state naturally and acquiring DNA from the environment for recombination. In addition to 
improving genome plasticity, a natural competence system directly contributes to pneumococcal 
virulence during pneumonia and bacteremia, independent of DNA uptake. Competence is 
activated when the competence stimulating peptide (CSP), encoded by the comC gene, is 
processed and exported through the ComAB transporter and stimulates the membrane localized 
two component system sensor kinase, ComD. Activated ComD autophosphorylates and activates 
its response regulator ComE, which in turn induces the expression of 24 “early” genes, including 
the comABCDE, comX1 and comX2 and ComM. Encoded by two identical redundant genes, 
ComX is an alternative sigma factor which activates the expression of 80 “late” genes, 16 of 
which are required for DNA uptake and recombination. Some of the proteins encoded by the 
“late” competence genes, including LytA, CbpD, and CibAB, are capable of attacking and lysing 
other non-competent pneumococcal cells to release DNA, in a process called allolysis or 
fratricide. One of these “late” genes, dprA, encodes a dual-functional protein called DNA 
processing protein A (DprA), which protects incoming single strand DNA for genetic 
transformation, as well as shutting off the activated competence system. We found that deletion 
of dprA resulted in prolonged and higher expression of competence genes in vitro in competent 
pneumococcus, and caused attenuation in mouse models of acute pneumonia and bacteremia. 
Also, when compared to the parental wild-type serotype 2 strain D39, ∆dprA entered competent 
state more easily, at lower concentrations of exogenously provided CSP. LytA, CbpD and 
CibAB were over-expressed in ∆dprA during competence induction in vitro. Deletion of the 
“combox”, the ComX binding site on the promoters of cbpD and cibAB genes abolished the 
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attenuation ∆dprA genetic background, suggesting overexpression of the allolysis factors during 
competent state accounted for the virulence attenuation in ∆dprA. Additionally, deletion of the 
“early” competence gene comM in the ∆dprA genetic background also compensated for the 
virulence loss, suggesting that overexpression of ComM also contributed to virulence attenuation 
in ∆dprA. Lastly, because of its inability to turn off the competence regulon, overexpression of 
all the competence genes consumed excessive nutrients and energy that would otherwise diverted 
for normal cellular functions, which might also contribute to virulence attenuation.  
Even though the biology of pneumococcal competence development has been studied for 
nearly a century, the development of natural competence during pneumococcal diseases have not 
been examined. We generated a pneumococcal reporter strain using the wild-type serotype 2 
strain D39 with the firefly luciferase gene (luc) fused to the promoter of a highly upregulated 
“late” competence gene ssbB. The resulting reporter strain D39 ssbB-luc was used to track the 
development of natural competence during pneumonia-derived sepsis (pneumonic sepsis). D39 
ssbB-luc cells infecting the lungs of CD-1 mice were able to naturally enter the competent state 
during pneumonic sepsis. In contrast to the transient short burst of competent state in vitro (~2 
hours) in liquid medium, the competent state during pneumonic sepsis was prolonged and 
sustained, beginning at approximately 20 hours post infection (hpi) and lasted for 12 hours to 40 
hours. In mice where the competent state lasted for ~12 hours, the animals quickly progressed 
from acute pneumonia to sepsis, and the competence signal kept increasing until death. For mice 
with more prolonged course of the disease, the naturally-developed competent state might wane, 
but would increase again when the infection entered the sepsis state and lasted for >40 hours 
until the animal approached endpoint. Exogenously provided CSP had minimal impact on the 
development of natural competence during pneumonic sepsis. The amount of initial inoculum (1 
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x 106 – 5 x 107 CFU per mouse), as well as the subsequent bacterial burden in the lung after 
infection do not seem to be the key factors in determining the timing of natural competence 
development. DNA processing protein A (DprA), which is responsible for efficient competence 
shut off in vitro, was highly expressed during pneumonic sepsis, but failed to turn off the 
competent state in infected animals. Importantly, natural competence development was also 
detected in both serotypes 3 and 4 clinical pneumococcal strains. Lastly, during pneumonic 
sepsis, competent D39 bacteria appeared to transfer the competence signal by using a cell-cell 
contact mechanism rather than the quorum-sensing model based on freely diffusive CSP. 
Genetic transformation in pneumococcus involves both DNA uptake and homologous 
recombination. Previously, our lab has identified the small cytoplasmic RNA (scRNA) as 
essential for transformation. ScRNA is a component of the signal recognition particle (SRP) that 
forms a complex with both Ffh and FtsY, and together, delivers nascent peptide to the Sec 
translocon for membrane targeting or secretion. By marker-less deletion, we found that the first 
nucleotides 6-49 of the scRNA gene, which constitutes part of the helix IV structure, was 
required for genetic transformation. Considerable efforts were devoted for the deletion and 
analysis of both ffh and ftsY genes, because ∆ffh and ∆ftsY were unable to grow on commonly 
used Todd-Hewitt broth unless supplemented with free amino acids. Similar to ∆scRNA, deletion 
of ffh and ftsY abolished genetic transformation. Deletion of the insertase gene yidC2, which 
functional overlaps with SRP, did not affect transformation. Proteomic analysis revealed that 
three key proteins CglA, CglB, and CglC, which are required for the assembly of the 
indispensable a Type IV pilus-like DNA uptake apparatus, were found in reduced levels on the 
membrane of ∆scRNA than D39. Collectively, these results suggest that reduced efficiency in 
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CHAPTER 1: GENERAL INTRODUCTION 
1.1 STREPTOCOCCUS PNEUMONIAE AND PNEUMOCOCCAL DISEASES  
Streptococcus pneumoniae (pneumococcus) is a Gram-positive alpha-hemolytic lancet-shaped 
bacterium, often seen in pairs of cocci (diplococci) when isolated from clinical samples, but tend 
to form long chains when cultured in liquid medium. Pneumococcus is a human nasopharyngeal 
commensal. However, given the opportunity, it can become a major respiratory pathogen that 
causes serious diseases, including acute otitis media, community-acquired pneumonia, invasive 
bacteremia, pneumonia-derived sepsis (pneumonic sepsis) and meningitis (Keller, Bradshaw, 
Pipkins, & McDaniel, 2016; Musher & Thorner, 2014; Rowe et al., 2019). Before the availability 
of antibiotics, S. pneumoniae was estimated to account for 95% of pneumonia cases (Heffron, 
1939). Worldwide, approximately 4 million children die from pneumonia annually, of which, 1 
million deaths are attributed by S. pneumoniae (Klein, 1999),  most of whom are children less 
than 1 year of age in developing countries.  With the widespread use of 23-valent polysaccharide 
vaccine (PPSV23, Pneumovax) in adults, and near universal administration of pneumococcal 
conjugated vaccines in children (7-valent PCV7 in US since 2000, and more recently 10-valent 
PCV10 or 13-valent PCV13 in US since 2010), the cases of invasive pneumococcal diseases, 
especially acute otitis media cases in high income, low-disease burden countries, have reduced 
precipitously (Fitzwater, Chandran, Santosham, & Johnson, 2012). Although is still the most 
common cause of community-acquired pneumonia, S. pneumoniae is now only detected in about 
10 to 15% of inpatient cases in the United States (Fang et al., 1990; Musher et al., 2013; Musher 
& Thorner, 2014). 
                                                 
This chapter previously appeared as an article in Current Genetics. The original citation is Lin, J., Zhu, L. & Lau, 
G.W. Curr Genet (2016) 62: 97. The copyright owner, Springer Nature, permitted that author can include the article, 
in full or in part, in a thesis or dissertation, for a wide range of scholarly, non-commercial purposes. 
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S. pneumoniae has 98 structurally distinct serotypes (Weiser, Ferreira, & Paton, 2018), 
but most human infections are caused by only 23 serotypes. Therefore, the 23-valent 
pneumococcal polysaccharide vaccine does protect against invasive pneumococcal diseases 
(Klein, 1999). However, the protection is inadequate in children less than 2 years old, and in 
immunocompromised and elderly individuals (Klein, 1999; Shapiro et al., 1991). These 
vulnerable populations have limited immune response against free polysaccharide antigens, 
which are not T-cell-dependent. In contrast, being T-cell-dependent,  the pneumococcal 
conjugate vaccines are more immunogenic, which reduces the risks of invasive diseases for these 
vulnerable populations (Klein, 1999). However, despite successes in vaccination, pneumococcus 
still causes over 500,000 cases of pneumonia, over 40,000 cases of invasive pneumococcal 
disease, and approximately 4000 deaths annually in the United State (Morrill, Caffrey, Noh, & 
LaPlante, 2014). Pneumococcal strains not covered by vaccine serotypes still pose significant 
health threats. In fact, invasive infection by the non-vaccine covered pneumococcal serotypes are 
increasingly common (van der Linden, Perniciaro, & Imohl, 2015). Furthermore, at least one-
third of S. pneumoniae isolates in the US are resistant to penicillin (Doern, Brueggemann, 
Huynh, & Wingert, 1999). In 2017, penicillin-resistant S. pneumoniae has been listed as one of 
12 priority pathogens by World Health Organization, indicating that antibiotic-free alternative 
therapies against pneumococcus are urgently needed.  
S. pneumoniae colonizes the human nasopharynx, which peaks at 2-3 years of age and 
reduces to less than 10% in adult population (Henriques-Normark & Tuomanen, 2013). The 
colonization can persist asymptomatically or progress to invasive pneumococcal diseases, 
depending on the host immune status or pathogenicity of the particular strain, but not the length 
of time colonized (AlonsoDeVelasco, Verheul, Verhoef, & Snippe, 1995). In fact, more 
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infections have been caused by strains colonized within 1 month, and rarely caused by prolonged 
carriage strains (Gray, Converse, & Dillon, 1980). Recently, it was shown that human ear 
isolates are unable growth defective in medium containing raffinose as the sole carbon, while 
blood isolates are able to utilize raffinose, suggesting a potential mechanism for differentiating 
these pneumococcal strains based on sugar utilization (Minhas et al., 2019). 
Transition from nasopharyngeal colonization to pneumonia may be facilitated by 
pneumococcal neuraminidase NanA (Berry & Paton, 2000), and possibly viral neuraminidase 
(Plotkowski, Puchelle, Beck, Jacquot, & Hannoun, 1986), which cleave mucins and releases the 
sialic acid-bound pneumococcus. Aspirated pneumococci attach to the alveolar epithelial cells 
via cell surface and/or secreted pneumococcal proteins, triggering an intense and exaggerated 
innate immune defense that results in lobar pneumonia (Henriques-Normark & Tuomanen, 
2013). A key feature of lobar pneumonia is the consolidation of entire lung lobe as seen as a 
large white patch on chest X-ray. There are four stages of lobular pneumococcal pneumonia (E. 
I. Tuomanen, Austrian, & Masure, 1995). First, the serous exudate appears in the alveoli. 
Second, erythrocytes start to leak into the alveolar space, and therefore named red hepatization. 
The third stage is gray hepatization as leukocytes migrate into the consolidated area. Finally, in 
the fourth stage, the lung will return to normal state once antibodies and leukocytes clear the 
infection, with the disappearance of fibrin. For patients who recovered, regardless of the severity 
of the pulmonary conditions, their lungs almost always return to normal, possibly because of the 
ability of pneumococcus to inhibit the release of reactive oxygen species by polymorphonuclear 
leucocytes (PMNs) (Catterall, 1999; Perry, Elson, Greenham, & Catterall, 1993). The serotype 
specific anti-capsular antibodies, generated on the 5th or 6th day of post infection, as well as the 
reticuloendothelial system particularly the macrophages of the spleen, play important roles in 
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preventing the bacteremia and death caused by pneumococcal pneumonic sepsis 
(AlonsoDeVelasco et al., 1995; E. J. Brown, Hosea, & Frank, 1983; Catterall, 1999).  
For meningitis, the pneumococcal adhesion CbpA recognizes the 37/67-kDa laminin 
receptor on the epithelial cells of blood brain barrier, which was also recognized by Neisseria 
meningitides and Haemophilus influenzae (Orihuela et al., 2009).  Also, it appears that host 
factors are more important than the specific serotype of each pneumococcal isolate in 
determining the disease severity or associated mortality (Alanee et al., 2007).  
Capsule of pneumococcus is absolutely required for pneumococcal virulence (Austrian, 
1981). Capsule itself does not trigger proinflammatory response (E. Tuomanen, Rich, & Zak, 
1987). Antibodies against capsules are protective, and noncapsulated mutants have greatly 
reduced capacity of host colonization and virulence (Bender, Cartee, & Yother, 2003; Magee & 
Yother, 2001). The structure of pneumococcal capsule, usually 200 to 400 nm thick (Skov 
Sorensen, Blom, Birch-Andersen, & Henrichsen, 1988), can prevent complement deposition or 
Fc fragment binding (Musher, 1992; Winkelstein, 1981), therefore efficiently reducing the 
pneumococcal killing through complement or antibody opsonization.  
By using a murine pup model, co-infection with influenza A virus has been 
experimentally shown to facilitate the transmission of pneumococcus (Diavatopoulos et al., 
2010). Viral infection causes nasal inflammation and increases nasal secretion, which increases 
the shedding of pneumococcus (Richard, Siegel, Erikson, & Weiser, 2014). Later, in a different 
murine pup model without viral co-infection, the pneumococcal pore forming cytotoxin, 
pneumolysin (Ply), was shown to promote mucosal inflammation and was identified as sufficient 
for transmission between pups (Zafar, Wang, Hamaguchi, & Weiser, 2017). Most recently, in a 
ferret transmission model, 87 pneumococcal factors, including the competence receptor ComD 
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were identified as important for transmission, suggesting the importance of competence system 
for colonization, virulence and transmission (Rowe et al., 2019).  
Recent evidence suggest that a key step in the pathogenesis of pneumococcal pneumonic 
sepsis is the release of pneumolysin and proinflammatory cell wall components, by the allolytic 
factors LytA, CbpD and CibAB (Zhu, Lin, Kuang, Vidal, & Lau, 2015). Erosion of the alveolar-
capillary (air-blood) barrier allows pneumococcus to invade blood and cause sepsis, resulting in 
dysfunction of major organs (Benton, Paton, & Briles, 1997; Brumshagen et al., 2012; Malley et 
al., 2003). Unfortunately, little is known about how pneumococcus regulates the release of 
pneumolysin and cell wall components. In clinical settings, pneumolysin is released by cell wall 
targeting antibiotics (e.g. β-lactams) or host-mediated killing (e.g. lysozyme) (Greene, Narciso, 
Filipe, & Camilli, 2015; Price & Camilli, 2009). Pneumolysin is held within the cell wall by 
peptidoglycan branched stem peptides (Greene et al., 2015). Pneumolysin is released during 
normal growth (e.g., cell division) through “controlled, partial cell wall hydrolysis” or during 
complete autolysis at the late stationary phase. Importantly, both processes are dependent on the 
allolytic factors LytA, CbpD and CibAB, which we have recently shown to be regulated by the 
competence regulon (Zhu et al., 2015).  
 
1.2 DISENTANGLING COMPETENCE FOR GENETIC TRANSFORMATION AND 
VIRULENCE IN STREPTOCOCCUS PNEUMONIAE 
Despite the usage of currently licensed capsular polysaccharide vaccine (Pneumovax) and 
pneumococcal conjugate vaccines (PCV) that have significantly reduced invasive infections 
caused by vaccine-covered serotypes (Suga et al., 2015), pneumococcal strains belonging to the 
remaining serotypes still pose significant health threats. In fact, invasive infection by some of the 
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non-vaccine covered serotypes are increasingly common (van der Linden et al., 2015). In 
addition to enabling serotype switching, the spread of antibiotic resistance genes within 
pneumococcus populations through genetic transformation and recombination are also hastened 
after the introduction of vaccine and antibiotics (Chancey et al., 2015; Croucher et al., 2011). For 
example, one study has shown that S. pneumoniae evolves so rapidly that one strain replaced 
7.8% of its genome by recombination, during a single patient chronic polyclonal infection over a 
period of 7 months (Hiller et al., 2010). This suggests that horizontal gene transfer confers 
significant advantages as pneumococcus rapidly acquires new virulence and other beneficial 
traits. 
 The high frequency of horizontal gene transfer of S. pneumoniae is achieved through its 
competence system. This quorum-sensing-like cell-to-cell communication system (Johnston, 
Martin, Fichant, Polard, & Claverys, 2014), is triggered by a 17-residue competence-stimulating 
peptide (CSP). The pheromone peptide is encoded by the comC gene and secreted through the 
ComAB transporters (Figure 1.1). Upon attaining a threshold concentration within the 
environment, CSP activates the two-component regulatory system ComDE, which upregulates 
the expression of 24 ‘early’ competence genes including comABCDE. Through a positive 
feedback loop, ComDE amplifies the transcription of other genes in competence regulon (Figure 
1.1). Among the ‘early’ genes are the duplicated, functionally redundant comX1 and comX2, 
which encode an important alternative σ factor ComX, which in turn, up-regulates about 80 ‘late’ 
genes during competent state (Claverys, Prudhomme, & Martin, 2006; Martin et al., 2010; 
Peterson et al., 2004). Fourteen of these ‘late’ genes encode proteins that are essential for DNA 
uptake and recombination, including Cgl proteins that assemble into Type-4 pilus-like DNA 
uptake apparatus (Laurenceau et al., 2015), as well as the DNA processing protein DprA which 
7 
 
enables the loading of recombinase RecA onto the internalized single stranded DNA (Mortier-
Barriere et al., 2007), and the subsequent homologous recombination of DNA into the genome. 
Pneumococcal cells become competent for genetic transformation abruptly, with transcription of 
‘early’ and ‘late’ genes peaking at 9 minutes and 12 minutes after the induction by CSP, 
respectively, and shutting off quickly within 40 minutes (Peterson et al., 2004). The rapid 
shutting off of competent state requires DprA, which blocks ComE-driven expression of ‘early’ 
genes (Mirouze et al., 2013; Weng, Piotrowski, & Morrison, 2013).  
 
Competence regulon: More than just regulating genetic transformation?  
The function of S. pneumoniae competence regulon is not fully understood, although researchers 
tend to agree that the competent state is more than just ‘opening a window for DNA uptake’. 
This is because at least 60 ‘late’ genes within the competence regulon are dispensable for 
transformation. Therefore, there is a suggestion to rename competent state as the “X-state” 
(Claverys et al., 2006), reflecting more generally the induction gene transcription that is 
dependent on ComX. Several hypotheses have been proposed to explain the importance of X-
state, ranging from DNA-for-nutrients, DNA-for-repair, to comparably more convincing X-state-
for-fitness (Claverys et al., 2006). The X-state-for-fitness model argues that the induced 
competence regulon functions as a general stress response. The supporting evidence for this 
model is that S. pneumoniae lacks a SOS system responding to DNA damage, and that DNA 
damaging antibiotics are capable of directly triggering the competent state (Claverys et al., 2006; 
Prudhomme, Attaiech, Sanchez, Martin, & Claverys, 2006). Although antibiotic-induced 
competence development has been reported (Slager, Kjos, Attaiech, & Veening, 2014), direct 
evidence demonstrating that the induction of competence regulon increases S. pneumoniae 
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fitness by alleviating antibiotic-induced replication stress, is still lacking. Nevertheless, the X-
state-for-fitness model raises some intriguing possibilities: What are the net benefits for S. 
pneumoniae to develop competence? More specifically, why does evolution favor and preserve a 
trait that is energy intensive and at the expense of the life of some cells within a pneumococcus 
population (by allolysis) but does not show immediate advantages? Indeed, genetic 
transformation in itself has been shown to be dispensable for infection, as proven by the lack of 
virulence loss after deletion of genes essential for DNA uptake and recombination (Zhu, Kuang, 
Wilson, & Lau, 2013; Zhu et al., 2015). Excitingly, the first evidence which directly supports the 
X-state-for-fitness model was shown by our recently published study that distinguishes between 
competence-dependent ‘late’ genes that contribute to pneumococcal fitness versus those that are 
competence-independent (Zhu et al., 2015).  
 
Genetic analysis of pneumococcal ‘late’ competence genes distinguishes between virulence 
determinants that are dependent or independent of the X-state 
We and others were the first to demonstrate that some components of the competence regulon 
contribute to virulence (Hava & Camilli, 2002; Lau et al., 2001). By full coverage deletion 
analysis, we identified 14 ‘late’ competence genes that are important to bacterial fitness during 
acute pneumonia and bacteremia infections (Zhu et al., 2015). These include previously reported 
allolytic autolysins LytA (Berry, Lock, Hansman, & Paton, 1989) and CbpD (Gosink, Mann, 
Guglielmo, Tuomanen, & Masure, 2000). For many ‘late’ competence genes, apart from 
‘combox’ promoters where ComX binds and activates transcription of ‘late’ genes, they also 
harbor their own constitutive promoters (e.g., p2 for recA-dinF, and p2 and pL for lytA) (Figure 
1.2A). To study the relative contribution of ComX-mediated expression versus the constitutive 
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expression of these genes to virulence, we constructed knockouts in ‘late’ genes in both wild 
type (e.g., D39) and ComX-null (comX1 comX2). The consequences of ‘late’ gene deletions 
to pneumococcal virulence in these two distinct genetic backgrounds were compared.  For 
example, when cinAcomX1comX2 is competed against its parental strain comX1comX2, 
any additional virulence attenuation of cinAcomX1comX2 than comX1comX2 indicates 
the existence of basal level related virulence for CinA. In contrast, when a mutant (e.g. 
cbpDcomX1comX2) is competed against parental strain comX1comX2 without resulted in 
further attenuation than comX1comX2, this indicates that its virulence is dependent on the 
induction of competence. Using this approach, we identified dprA, cbpD, cibAB, and the 
combox-containing p1 promoter for the cinA-recA-dinF-lytA operon (Figure 1.2A) as the ‘late’ 
competence genes whose virulence function are entirely dependent on the induction of X-state 
(Zhu et al., 2015). Virulence functions of the remaining 10 ‘late’ genes are likely driven by basal 
constitutive transcription of these genes from their own individual promoters, rather than ComX-
mediated transcription from the combox element. 
 
Pneumolysin, an accidental partner in crime? 
Pneumolysin, encoded by ply gene, is a pore-forming cytolysin that targets cholesterol on host 
cell membranes. Pneumolysin has been implicated in the development of bacteremic 
pneumococcal pneumonia and sepsis, by compromising the air-blood barrier (Alhamdi et al., 
2015; Berry, Yother, Briles, Hansman, & Paton, 1989; A. O. Brown et al., 2014). Pneumolysin is 
released by pneumococcal cells undergoing autolysis (Guiral, Mitchell, Martin, & Claverys, 
2005), antibiotic exposure (Spreer et al., 2003) or host mediated response, e.g., lysed by 
antimicrobial peptides (Dai et al., 2015). Because the enhanced production of CbpD, CibAB and 
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LytA are competence-dependent, it is possible that allolysis triggered by these autolysins during 
X-state releases pneumolysin, which contributes to their virulence. To examine this hypothesis, 
we employed the aforementioned genetic approach, using ply as a parental strain for genetic 
manipulation and a reference strain for virulence. The virulence attenuation of cbpD, cibAB, 
and p1 (p1 mediates increased expression of lytA during X-state) was abolished in ply 
background (Figure 1.2B), suggesting that the release of pneumolysin by CbpD, CibAB, and p1-
LytA-mediated allolysis during competent state is responsible for the virulence.  
 
Competence-dependent and independent virulence, can you have the best of both worlds? 
The complicated story of the cinA-recA-dinF-lytA operon 
The cinA-recA-dinF-lytA operon is activated when ComX binds to the combox on the p1 
promoter (Figure 1.2A). Neither CinA nor DinF contribute to virulence significantly.  In 
contrast, basal constitutive expression of both RecA and LytA are important for virulence (Zhu 
et al., 2015). For example, the loss of basal constitutive expression of RecA is associated with 
growth defect, susceptibility to endogenous H2O2, and severe attenuation in virulence. However, 
abolishing competence-induced recA upregulation by deleting p1 promoter cannot recapitulate 
these aforementioned phenotypes. These results indicate that the expression of recA driven by 
the p2 promoter (Figure 1.2A) is required for many important physiological processes, including 
genetic transformation. Also, our results suggest that the virulence conferred by LytA through 
the competence-dependent p1 promoter is not as important when compared against basal 
constitutive virulence driven by the p2 as well as its own pL promoter (Zhu et al., 2015) (Figure 
1.2B, compare the competitive index (CI) of lytA in wild-type strain D39 background versus 
comX1comX2 background). Moreover, the virulence role of the p2 and pL-driven 
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constitutively expressed LytA is not dependent on its allolytic release of pneumolysin (Figure 
1.2B, compare the CI of lytA in D39 background versus ply background). Because the 
virulence of RecA is not X-state-dependent (Zhu et al., 2015), most likely, the allolytic virulence 
role driven by the p1 falls on LytA, which may be masked by its constitutive allolytic function 
driven by both p2 and pL promoters. Thus, it is possible that maintaining constitutive production 
of LytA is crucial for effective competence-triggered allolysis when pneumococcus enters the X-
state. In other words, constitutive expression of lytA gene accumulates LytA molecules on the 
cell envelope, and its potent cytolytic activity could be unleashed during X-state when other 
allolysis factors CbpD and CibAB are produced. 
 
How does competence-dependent allolysis exert virulence? 
It is now certain that competence regulon is induced during pneumococcal nasopharyngeal 
colonization, pneumonia and bacteremia, accompanied by the gene recombination events, and 
induction of competence-specific virulence (Zhu & Lau, 2013). Within host microcompartments, 
when the competence regulon is activated within local pneumococcal populations, autolysins 
CbpD, LytA and CibAB released by X-state cells cause autolysis in a small portion of non-
competent cells (Claverys, Martin, & Havarstein, 2007), releasing cell components including 
pneumolysin, which damage host cells directly and provides benefits for nearby pneumococcus 
cells. During single infection by individual allolytic mutants (e.g. cbpD), the reduced ability to 
release pneumolysin could account for the attenuated virulence. However, during a competitive 
infection, pneumolysin released by co-infecting wild-type bacteria can cross-feed cbpD and 
therefore, compensate the attenuated inability of cbpD to release pneumolysin. Given the 
evidence that pneumolysin-deficient mutant (ply) shows reduced virulence in single infection 
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model (Benton, Everson, & Briles, 1995), and its virulence reduction can be compensated by co-
infecting wild-type strain during both intravenous (Benton et al., 1995) and intranasal (Greene et 
al., 2015) infections, it is reasonable to argue that cross-feeding of pneumolysin by wild-type 
occurs within close proximity, as well as at a distance, and is accessible to both wild-type and 
Δply at similar concentrations.  
Interestingly, these aforementioned findings by Benton et al and Greene et al are in conflict 
with our findings that pneumolysin is responsible for CbpD, CibAB and p1-LytA related 
virulence, because we did not observe the cross-feeding effect of pneumolysin in our competitive 
assays (Figure 1.2B, CI of cbpD, cibAB and p1 in D39 background should be 1 if pneumolysin 
displays a cross-feeding effect). A possible explanation for the conflicting observation of the lack 
of cross-feeding of pneumolysin mediated virulence benefit in our competitive assay is that, 
some wild-type and mutant pneumococcus maybe sequestered to different host 
microcompartments, and as they replicate rapidly, form groups dominated by one strain. The 
locally distributed pneumolysin from wild-type bacteria benefits other wild-type bacteria, as 
opposed to microcompartments dominated by the allolysis-deficient mutant strains. This type of 
clonal expansion has been observed during spleen infection by Yersinia pseudotuberculosis and 
other pathogens (Copin et al., 2012; Davis, Mohammadi, & Isberg, 2015). Furthermore, the 
virulence attenuation in the ΔcbpD and ΔcibAB mutants are not as severe as in the Δply mutant 
(Benton et al., 1995; Zhu et al., 2015), suggesting that pneumolysin released by competence-
induction occurs locally within short duration, rather than systemically circulated and over 
period of time where impact of pneumolysin that can be generally compensated by cross-feeding 
offered by the co-infecting wild-type. Importantly, the cross-feeding effect of pneumolysin 
occurs during first few hours of infection (Benton et al., 1995), which may not apply to 
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competence-dependent allolysis release that is presumably induced when bacteria number is high 
during later phase of infection. However, this is currently a “black box”, as virtually nothing is 
known in regard to pneumococcal cell density required to become competent for genetic 
transformation in host tissues. It is entirely plausible that pneumococcal cells may reach desired 
density within host microcompartments to induce competence regulon, and express allolytic 
CbpD, LytA and CibAB to release pneumolysin.  
Also, it is important to note that in addition to competence-mediated allolysis, there is 
potentially another allolysis mechanism regulating the release of pneumolysin. Two studies have 
shown that some pneumolysin molecules are localized to pneumococcal cell wall (Greene et al., 
2015; Price & Camilli, 2009), and its release involves both complete autolysis as well as cell 
wall remodeling of intact pneumococcus by choline binding proteins, including CbpD and LytA 
(Greene et al., 2015). Based on the aforementioned discussion, we propose that during X-state, 
pneumolysin is released from both a small percentage of lysed non-competent cells through 
fratricide, as well as from intact competent cells by a controlled, limited cell wall hydrolysis, 
which provides short term and localized benefits during pneumococcal infection. 
 
Conclusion 
We present evidence that competence induction is an important virulence trait of pneumococcus, 
which not only contributes to genome plasticity, but also fitness during infection. Because 
competence genes contribute to immediate fitness in the host environments, natural selection 
may favor maintaining an intact and active competence regulon, with the concomitant horizontal 
gene transfer function providing long-term benefits to the S. pneumoniae population in its 
constant battle with its human host. Although the evidence supporting this X-state-for-fitness is 
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discussed in this review, it will be interesting to know if competence development contributes to 
bacterial carriage or transmission, which will lend further support for this model. Finally, it will 
be of interests to differentiate the release of pneumolysin by competence-dependent allolysis 
versus pneumolysin directly released through cell wall remodeling, as well their relative 





Figure 1.1 Genetic recombination and pneumolysin release during the X-state.  
Competence is induced in a quorum-sensing-like manner when CSP concentration within the 
environment reaches a threshold, which forms a positive feedback loop that synchronized all 
cells to become competent for genetic transformation. ComX activates genes required for DNA 
uptake and recombination, such as recA and dprA, as well as allolysis genes including cbpD, 
lytA, and cibAB. CbpD is involved in fratricidal killing of incompetent cells, which releases 
DNA for uptake by nearby competent cells. Pneumolysin, which is released during allolysis, 
increases pneumococcal fitness. Additionally, pneumolysin may be released from cell walls of 
competent cells by the action of allolytic CbpD, LytA and CibAB. Collectively, the X-state 




Figure 1.2 Organization of competent-state-dependent virulence genes. 
A. ‘Late’ competence gene loci in which their virulence is dependent on competence induction 
are shown. Combox promoter is marked. p1 contains a combox, which is recognized by ComX. 
p2 and pL are constitutive promoters of recA-dinF and lytA, respectively. The expression of lytA 
can be driven by pL, as well as by p2. B. Competitive index (CI) of competence-dependent 
virulence factors through the release of pneumolysin by competitive assays versus parental 
strains D39 (wild-type), ΔcomX1ΔcomX2 and Δply in a mouse model of bacteremia. CI was 
defined as the output ratio of mutant bacteria to parental bacteria divided by the input ratio of 
mutant bacteria to parental bacteria. 
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CHAPTER 2: DPRA-DEPENDENT EXIT FROM THE COMPETENT STATE 
REGULATES MULTIFACETED STREPTOCOCCUS PNEUMONIAE VIRULENCE 
2.1 ABSTRACT 
Streptococcus pneumoniae (pneumococcus) causes multiple infectious diseases. The 
pneumococcal competence system facilitates genetic transformation, spreads antibiotic resistance 
and contributes to virulence. The DNA processing protein A (DprA) regulates the exit of 
pneumococcus from the competent state. Previously, we have shown that DprA is important in 
both bacteremia and pneumonia infections. Here, we examined the mechanisms of virulence 
attenuation in ∆dprA. When compared to the parental wild-type D39, ∆dprA enters the 
competent state when exposed to lower concentrations of the competence stimulating peptide 
CSP1. ∆dprA overexpresses ComM, which delays cell separation after division, leading to a 
competence-specific growth arrest. Additionally, ∆dprA overexpresses allolytic factors LytA, 
CbpD and CibAB, and is more susceptible to detergent-triggered lysis. Disabling of the 
competent state-specific induction of ComM and allolytic factors compensated for the virulence 
loss, suggesting that overexpression of these factors contribute to virulence attenuation in ∆dprA. 
Finally, ∆dprA fails to down-regulate the expression of multiple competence-regulated genes, 
leading the excessive energy consumption. Collectively, these results indicate that inability to 




Streptococcus pneumoniae (pneumococcus) is a respiratory tract commensal that causes otitis 
media, community acquired pneumonia, pneumonia-derived sepsis, meningitis and other 
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diseases. The competence system for genetic transformation of pneumococcus contributes to the 
dissemination of antibiotic resistance and its high genomic plasticity (Chancey et al., 2015; 
Croucher et al., 2011; Hiller et al., 2010). Under appropriate in vitro conditions, pneumococci 
have the ability to enter the competent state spontaneously. The 17-amino acid competence 
stimulating peptide (CSP) serves as a signal that confers the quorum-sensing (QS)-like behavior 
to pneumococci. The pro-peptide form of CSP encoded by the comC gene is processed into its 
mature form and exported by the ABC transporter ComAB (Claverys et al., 2006; Havarstein, 
Coomaraswamy, & Morrison, 1995; Hui, Zhou, & Morrison, 1995; Johnston, Campo, Berge, 
Polard, & Claverys, 2014; Johnston, Martin, et al., 2014). Previously, it was thought that when 
the secreted CSP reaches a threshold concentration, it will bind and activate the cognate receptor 
ComD, leading to the activation of the response regulator ComE, driving the whole 
pneumococcal population into the competent state. However, a recent study suggests that in 
some S. pneumoniae strains, including the virulent serotype 2 isolate D39, CSP is not diffused, 
but instead, retained by its cognate receptor ComD, and activates the ComD on the neighbor 
cells (Prudhomme, Berge, Martin, & Polard, 2016). On the recipient cells, the activation of 
ComD-ComE two component system (Havarstein, Gaustad, Nes, & Morrison, 1996; Pestova, 
Havarstein, & Morrison, 1996) further activates expression of approximately 24 “early” genes, 
including comAB, comCDE, and comX (Peterson et al., 2004). ComX is an alternate sigma factor 
(Lee & Morrison, 1999; Luo, Li, & Morrison, 2003; Luo & Morrison, 2003) that activates 
expression of approximately 100 “late” genes, of which, 16 genes are directly involved in DNA 
uptake and recombination. Among the factors encoded by "late" genes which are dispensable for 
genetic transformation include LytA, CbpD, and CibAB, which mediate the release of DNA 
from neighboring pneumococcus or some other closely related bacterial species in a process 
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called allolytic fratricide (Eldholm, Johnsborg, Haugen, Ohnstad, & Havarstein, 2009; Eldholm 
et al., 2010; Guiral et al., 2005; Kausmally, Johnsborg, Lunde, Knutsen, & Havarstein, 2005; 
Steinmoen, Knutsen, & Havarstein, 2002). CbpD, LytA, and CibAB target non-competent cells 
which do not express the competence-induced allolysis immunity proteins, ComM (Havarstein, 
Martin, Johnsborg, Granadel, & Claverys, 2006) and CibC (Guiral et al., 2005). Finally, the 
expression of another group of "delayed" genes, most of which are involved in stress or 
metabolism, are either upregulated or downregulated. The regulations of these "delayed" genes 
are still not well characterized. 
 The competent state of pneumococcus can be induced in vitro by providing exogenous 
CSP in the liquid culture. The competent state peaks at 15-minute post-exposure, after which 
decline rapidly, and exposed pneumococcal cells become resistant to a second CSP challenge 
(Peterson et al., 2004). Recently, it was discovered that the DNA processing protein A (DprA) 
encoded by one of the ComX-regulated "late" genes is responsible for competence shut off 
(Johnston, Mortier-Barriere, Khemici, & Polard, 2018; Mirouze et al., 2013; Weng et al., 2013), 
by dissociating and inactivating the phosphorylated ComE dimers (Mirouze et al., 2013). DprA 
proteins remained highly expressed for extended period of time, accounting for the resistance to 
a new wave of competence induction by fresh CSP challenge.  
 Recently, we have found that a pneumococcal mutant with deletion in the dprA gene 
(∆dprA) is attenuated in mouse models of acute pneumonia and bacteremia infections (Zhu et al., 
2015). When we compared the virulence phenotype between ∆dprA versus dprA+ strains 
generated in the ∆comB genetic background (e.g., ∆dprA∆comB versus ∆comB), where comB 
deletion abolishes competence induction in vivo, there is no additional virulence attenuation in 
∆dprA∆comB than ∆comB, indicating that the loss of competence function accounted for 
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virulence attenuation in ∆dprA. High cellular levels of DprA ensure the fitness of pneumococcal 
transformants by mediating competence shut-off (Johnston et al., 2018), by protecting the 
incoming ssDNA destined for genetic transformation from being degraded by DNase (Mortier-
Barriere et al., 2007). The role of ssDNA protection by DprA may not be important for virulence 
because deletion of other key genes in DNA recombination, including coiA and ssbB, did not 
alter pneumococcal virulence (Zhu et al., 2015). Collectively, these results suggest that virulence 
attenuation in ∆dprA is likely caused by the inability of pneumococcus to exit the competent 
state. In this study, we examined various mechanisms that contribute to virulence attenuation 
caused by the inability of ∆dprA to exit from the competent state.  
 
2.3 RESULTS 
DprA deletion negatively affects pneumococcal virulence and causes growth delay under 
CSP-induced competence 
When compared against its parental wild-type D39 (WT), the ∆dprA mutant did not exhibit 
growth defect in the Todd-Hewitt Broth supplemented with 0.5% yeast extracts (THY) (Figure 
2.1A). When the competence system was activated by exposing pneumococcal cells to 100 ng 
ml-1 of CSP1, ∆dprA cells showed growth delay, similar to previously published studies, albeit 
not as severe (Mirouze et al., 2013; Weng et al., 2013). Colony forming units (CFU) were 
checked in parallel, and ∆dprA showed decreased CFU in response to competence induction, but 
interestingly, so did WT (Figure 2.1B). Similar results were observed at 10 ng ml-1 CSP1 (Figure 




 As previously shown by us and others, ∆dprA has reduced virulence in mouse models of 
infection (Yu et al., 2017; Zhu et al., 2015). When competed against the WT in mice, ∆dprA was 
less competitive in both bacteremia and acute pneumonia infections, as well as during 
nasopharyngeal colonization (Figure 2.1C). Additionally, when compared against the WT by 
single infection assays, ∆dprA was found to be attenuated in bacteremia (Figure 2.1D), but not in 
the acute pneumonia (Figure 2.1E). These results indicate that DprA confers competitive 
advantages during host infection and colonization by pneumococcus. 
 
DprA does not cause additional allolytic cell death under CSP1-induced competent state in 
vitro 
As previously discussed, competence induction causes competent pneumococcus to release 
allolytic proteins CbpD, LytA, and CibAB that target non-competent cells which do not express 
allolysis immunity proteins ComM (Havarstein et al., 2006) and CibC (Guiral et al., 2005). We 
investigated whether the growth defect (Figure 2.1A) and decreased CFU (Figure 2.1B) during 
the CSP1-induced competent state was caused by excessive allolysis of the non-competent cells 
in the culture. In the presence of allolysis inhibitor (2% choline chloride, ChCl) (Briese & 
Hakenbeck, 1985), CSP1-treated ∆dprA still grew slower than unexposed ∆dprA (Figure 2.3A). 
Previous studies have shown that deletion of three major allolytic genes lytA, lytC, and cbpD 
greatly reduces pneumococcal allolysis in liquid culture (Eldholm et al., 2009; Eldholm et al., 
2010; Moscoso & Claverys, 2004; Zhu et al., 2015). Consistent with the ChCl inhibition results, 
∆dprA∆cbpD∆lytA still exhibited growth delay upon competence induction by CSP1 (Figure 
2.3B). These results suggest that under CSP1-induced competent state in vitro, growth delay in 
∆dprA is independent of allolytic killing of non-competent siblings. 
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 Previously, it was documented that in the D39 capsule-deficient derivative strain Rx, up 
to 20% pneumococcal cells could undergo allolysis when exposed to 250 ng ml-1 CSP1 in the 
casein tryptone (CAT) medium (Steinmoen et al., 2002). We adopted a similar strategy by 
transcriptionally fusing the β-galactosidase-encoding lacZ gene to the promoter of the 
constitutively expressed rplL gene. Pneumococcal cells which undergo allolysis will release the 
β-galactosidase into the culture supernatants, which could be examined by a colorimetric assay 
(Steinmoen et al., 2002). Across three different growth stages, there was a slight increase of β-
galactosidase in the supernatant of CSP1-induced cultures for both WT and ∆dprA (Figure 2.3C). 
However, ∆dprA did not show higher lysis than WT. These results suggest that both WT and 
∆dprA did not resemble the high levels of CSP1-mediated cell lysis observed in the hyper-
competent Rx strain (Steinmoen et al., 2002). Similar results were obtained in the CAT medium 
(data not shown). The live/dead fluorescence staining of WT and ∆dprA cultures treated with 
100 ng ml-1 CSP1 (1 hour) confirmed that CSP1 did not trigger significant differences in cell 
death between ∆dprA and WT (Figure 2.3D, Figure 2.4A). Most recently, it was shown that 
∆dprA cells undergo frequent cell lysis after 110 minutes incubation with CSP1 (Johnston et al., 
2018) in the C+Y medium (Stevens, Chang, Zwack, & Sebert, 2011; Tomasz & Hotchkiss, 
1964), which is a better culture medium than THY for competence development. To determine 
whether different culture medium influenced CSP1-mediated pneumococcal lysis, we also 
performed live/dead fluorescence staining of WT and ∆dprA cultured for one-hour (data not 
shown) and 3-hour (Figure 2.4B) after CSP1 induction in the C+Y medium. No difference in cell 





Genetic evidence of allolysis contributed to ∆dprA attenuation in vivo 
Inability of ∆dprA to turn off the competent state is likely to cause elevated and unwanted 
overexpression of competence-regulated allolytic factors CbpD and LytA. We tested the 
hypothesis that elevated levels of CbpD and LytA are held intracellularly, and perturbation of 
pneumococcal cell membrane would release these allolytic factors to enhance allolysis. 
Importantly, ∆dprA lysed more rapidly than WT when treated with membrane disrupting 
detergents sodium dodecyl sulfate (SDS, 0.05%, Figure 2.5A) and deoxycholate (DOC, 0.05%, 
Figure 2.5B). The difference in the kinetics of detergent-mediated lysis between WT and ∆dprA 
became more pronounced in the presence of CSP1 (Figure 2.5A and B). Both ∆lytA and ∆cbpD 
cells were resistant to SDS, indicating both allolytic factors were responsible for SDS-mediated 
cell lysis (Figure 2.5A and B). DOC is a bile salt that not only capable of disrupting cell 
membrane but also directly activate LytA and cause rapid pneumococcal lysis (Mellroth et al., 
2012). Both WT and ∆cbpD cells were lysed by DOC while ∆lytA was resistant to DOC, 
indicating that LytA was responsible for DOC mediated cell lysis (Figure 2.5A and B). The 
∆cbpD deletion strain lyse much faster than WT, suggesting ∆cbpD may have cell wall structure 
deficiencies that rendered it more sensitive to DOC-LytA-mediated lysis (Figure 2.5B). 
Increased susceptibility to SDS and DOC was correlated to elevated expression of LytA (Figure 
2.6A and B) and CbpD (Figure 2.7A and B) respectively, in ∆dprA cells.   
 We further investigated whether allolysis contributed to the virulence attenuation of 
∆dprA during bacteremia infection. In a mouse model of single bacteremia infection, 
∆cbpD∆lytA and ∆dprA∆cbpD∆lytA bacteria were recovered at similar levels from spleens at 24-
hour post-infection (Figure 2.5C). In contrast, in the competitive infection between ∆cbpD∆lytA 
versus ∆dprA∆cbpD∆lytA, the competitive index (CI) increased to 0.78 when compared to 0.06 
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between ∆dprA versus WT (Figure 2.5D). These results suggest that deletion of dprA gene in the 
allolytic-deficient ∆cbpD∆lytA strain did not confer additional virulence attenuation (Figure 2.5C 
and D) when compared to deletion of the dprA gene in WT background (Figure 2.1C and D), 
supporting the idea that virulence attenuation in ∆dprA is dependent on CbpD and LytA-
mediated allolysis in vivo.  
 The in vivo virulence-associated genetic studies (Figure 2.5C and D), which indicate that 
excessive allolysis causes virulence attenuation in ∆dprA, is inconsistent with the in vitro β-
galactosidase release and live/dead assays in vitro (Figure 2.3C and D). Therefore, a more 
detailed examination of the role of allolysis in virulence attenuation of ∆dprA was needed. CbpD 
is a murein hydrolase which targets the cell division zone of pneumococcus (Eldholm et al., 
2010). The expression of cbpD gene is very low or absent in liquid culture, but is greatly 
elevated during competence induction by provision of CSP1 (Kausmally et al., 2005). CbpD is 
directly involved in allolysis in liquid medium whereas the competence induced two-peptide 
bacteriocin CibAB is important for allolysis on agar plates (Guiral et al., 2005). The host 
environment resembles neither solid agar surface nor liquid culture medium. Therefore, the role 
of both CbpD and CibAB-mediated allolysis in the virulence attenuation of ∆dprA needs to be 
examined in vivo. Because we do not know the expression levels of CbpD and CibAB during in 
vivo infection, we exploited a more direct approach, by deleting the ComX binding site (or 
combox) in the promoters of both cbpD (∆PcomXcbpD) or cibAB (∆PcomXcibAB) genes. We did not 
generate a ∆PcomXlytA mutant because the basal constitutive expression of lytA gene is high, and 
CSP1 induction only increased the protein levels temporarily and moderately (Figure 2.6B) 
(Eldholm et al., 2010). Additionally, lytA is the fourth gene downstream of its comX binding site 
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with at least two additional promoters that modulate its basal expression (Mortier-Barriere, de 
Saizieu, Claverys, & Martin, 1998).  
 To delete the combox without causing polarity effects, we used the Sweet Janus Cassette 
(SJC) to generate the scar-less mutants as previously described (Li, Thompson, & Lipsitch, 
2014), with some modifications (see Supplementary Information). Successful construction of 
∆PcomXcbpD or ∆PcomXcibAB mutants was verified by PCR and DNA sequencing (Figure 2.8A). 
Transcription of the cbpD gene in the ∆PcomXcbpD strain was examined by transcriptionally 
fusing to a firefly luciferase reporter, and no cbpD expression was detected under CSP1 
stimulation (data not shown). CbpD protein levels were also examined by attaching a 3xFLAG-
tag to the C-terminal of the cbpD gene, and no CbpD protein was detected during competence 
induction with CSP1 (Figure 2.8B). Importantly, in an acute pneumonia model of competitive 
infection between ∆dprA∆PcomXcbpD versus ∆PcomXcbpD, the CI (48 hours) was 1.1 when 
compared to 0.1 in mice infection by a combination of ∆dprA and WT (Figure 2.5E). Similarly, a 
CI of 1.4 was obtained during competitive infection between ∆dprA∆PcomXcibAB versus 
∆PcomXcibAB (Figure 2.5E). Collectively, these results suggest that dysregulation of competence-
induced allolysis mediated by CbpD and CibAB contribute to the virulence attenuation in ∆dprA. 
  
Competence induced CFU reduction in ∆dprA is caused by cell division delay mediated by 
ComM 
Because competence-induced ∆dprA cells lysed faster when exposed to SDS and DOC, we used 
the transmission electron microscopy (TEM) to examine whether cell walls of CSP1-exposed 
∆dprA bacteria were compromised. No discernable cell wall defects were found (Figure 2.9).  
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 Because competence induction caused growth delay in ∆dprA, the reduction of CFU was 
not unexpected, but CFU reduction in WT was surprising (Figure 2.1; Figure 2.2). A possible 
explanation to CFU reduction of WT during CSP1 exposure was the increase in chain length of 
pneumococcal cells in liquid culture, which could reduce the CFU but not dramatically affect 
OD595nm measurement. We attempted to identify the gene(s) responsible for the CFU reduction. 
Under in vitro experimental conditions, allolysis was not required for CFU reduction because 
∆lytA, ∆cbpD, and ∆cibAB all displayed similar responses to addition of CSP1 (Figure 2.10A). 
The "late" competence genes did not appear to play a role because the ∆comX1∆comX2 mutant, 
which was deleted in both copies of identical genes encoding ComX required for the activation 
of "late" genes, still showed significant CFU reduction by CSP1. Also, we ruled out the 
contribution from oxidative stress as deletion of the spxB gene encoding pyruvate kinase for 
H2O2 production still led to CFU reduction upon exposure to CSP1. Significantly, CFU reduction 
phenotype was abolished in the mutant deleted in "early" competence genes comCDE exposed to 
CSP1, clearly linked observation to the competence system (Figure 2.10A).  
 Based on the aforementioned results, overexpression of a product encoded by an “early” 
gene was the likely cause of the CFU reduction. Recently, it was found that under the competent 
state, overexpression of the fratricide immunity protein encoded by the “early” gene comM 
delayed cell division (M. J. Berge et al., 2017; Straume, Stamsas, Salehian, & Havarstein, 2017). 
We created a ∆comM mutant. The replacement of near full length of comM gene with 
erythromycin resistance gene was confirmed with PCR and sequencing in ∆comM (Figure 2.11). 
The growth rate of ∆comM was indifferent when compared to the WT (Figure 2.12A), with or 
without CSP1, but the CFU reduction caused by CSP1 treatment was eliminated in ∆comM 
(Figure 2.12B). The transformation rate of ∆comM was reduced (Figure 2.12C).  
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We compared the growth rate and CFU reduction in ∆comM versus ∆dprA∆comM. The 
growth delay was still present (Figure 2.10B) but the CFU reduction (Figure 2.10C) was 
eliminated in ∆comM and in ∆dprA∆comM exposed to CSP1. By using a firefly luciferase 
reporter and Western blotting, ∆dprA was found to express higher levels of ComM both 
transcriptionally (Figure 2.13) and at protein levels (Figure 2.14), for a prolonged time period. 
An interesting and unexpected observation was that WT-comM-3xFLAG strain showed basal 
expression of ComM-3xFLAG even without CSP1 treatment (Figure 2.14), which contradicted a 
previous report (Straume et al., 2017) and our transcriptional data (Figure 2.13), indicating the 
degradation of ComM may be impaired with 3xFLAG tagging at the C-terminus of the protein. 
Furthermore, both WT-comM-3xFLAG and ∆dprA-comM-3xFLAG strains suffered severe 
growth arrest after competence induction as shown by decreasing amounts of total proteins in the 
loading controls (Figure 2.14) and stalled or decreased OD595nm cell density measurement (Figure 
2.15A and G).  
 To determine whether competence regulated proteins were involved in the CSP1-induced 
growth arrest of WT-comM-3xFLAG and ∆dprA-comM-3xFLAG, we deleted comCDE and 
comX1comX2 genes in WT-comM-3xFLAG (Figure 2.15B and C). Growth arrest mediated by 
CSP1 was eliminated in ∆comCDE-comM-3xFLAG and largely abolished in ∆comX1∆comX2-
comM-3xFLAG, suggesting the “late” competence genes regulated by ComX might play a role in 
the growth arrest. We deleted ComX-regulated lytA, cbpD, and cibAB gene individually in WT-
comM-3xFLAG background, and found that deletion of cbpD, and to a lesser extent lytA, largely 
rescued the growth arrest (Figure 2.15, D-F). When we deleted lytA, cbpD, and cibAB in the 
∆dprA-comM-3xFLAG strain, again, deletion of cbpD, and to a lesser extent lytA, largely 
rescued the growth arrest (Figure 2.15, I-K). Because these strains (Figure 2.15, I-K) were 
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constructed with a different dprA knockout strategy (replacement by erythromycin resistance 
gene rather than by kanamycin resistance gene in Figure 2.15G and other dprA knockout strains), 
we verified that the new ∆dprA (ErmR) comM-3xFLAG has a similar stalled growth that lasted 
>1.5 hour (Figure 2.15H). These results indicate that competence-specific induction of CbpD and 
LytA are likely to be involved in the competence mediated growth arrest in comM-3xFLAG.  
 Next, we determined whether the inability to shut off ComM expression accounted for 
the virulence attenuation in ∆dprA. In a mouse model of competitive acute pneumonia between 
∆comM versus ∆dprA∆comM, a CI of 0.39 was achieved (Figure 2.10D), which is higher than CI 
value of 0.1 in the competition between ∆dprA versus WT (Figure 2.10D), indicating that the 
absence of ComM improved the competitiveness of ∆dprA. These results suggest that 
overexpression of ComM protein in ∆dprA partially mediates CFU reduction in vitro and 
contributes to the virulence attenuation of ∆dprA during acute pneumonia. The ∆comM was as 
competitive against WT (Figure 2.10D), suggesting that the loss-of-function mutation in comM 
does not confer deleterious effect on pneumococcal virulence.  
 We also compared the cellular morphology of ∆dprA to WT in the presence and absence 
of CSP1, by TEM. The morphology of untreated ∆dprA was similar to WT with or without CSP1 
treatment (compares Figure 2.16A and 16B to Figure 2.16C). In contrast, under CSP1-induced 
competent condition, ∆dprA cells exhibited partially synthesized septa while cells were still at 
the previous round of division, when compared to WT (compares Figure 2.16B to Figure 2.16D). 
The cellular morphology ∆dprA is similar to the previously-reported ComM overexpression 
strain (Straume et al., 2017). Collectively, these results suggest that overexpression of ComM in 




∆dprA is more responsive than WT to competence induction at low concentrations of CSP1 
As we have shown earlier, CFU reduction was observed in both WT and ∆dprA when exposed to 
CSP1 at concentrations of 10 ng ml-1 (Figure 2.2) or 100 ng ml-1 (Figure 2.1B). These 
concentrations are relatively low when compared to those commonly used for competence 
studies in vitro (Eldholm et al., 2009; Steinmoen et al., 2002). As physiologically-relevant 
concentrations of CSP1 for genetic transformation have not been firmly established, we 
examined the lowest limits of CSP concentrations needed to confer CFU reduction (Figure 2.17). 
Both WT and ∆dprA were susceptible to CFU reduction by CSP1 at concentrations between 100 
ng ml-1 to 0.5 ng ml-1. However, at 0.25 ng ml-1, ∆dprA was still susceptible to CSP1 while WT 
showed no response (Figure 2.17A). These experiments were performed by adding concentrated 
CSP1 stock solution to culture. At lower final concentrations below 1 ng ml-1, it is not feasible to 
reduce pipetting volume of CSP1 solution. Therefore, we increased the volume of freshly 
aliquoted culture (from 10 ml to 80 ml) to achieve lower final concentration while maintaining 
the pipetting volume to 10 µl (Figure 2.17A).  
 To verify the results in Figure 2.17A, we adopted a different approach. At final 
concentrations of CSP1 lower than 1 ng ml-1, the CSP1 stock solution was diluted from 1 ng µl-1 
to 0.125 ng µl-1 (Figure 2.17B) while maintaining the culture volume at 10 ml and CSP1 stock 
volume at 10 µl. Interestingly, in this experimental setting, the CFU reduction by CSP1 in the 
∆dprA observed at 0.25 ng ml-1 (Figure 2.17A) was abolished (Figure 2.17B). Although both 
approaches achieve the same CSP1 final concentration at 0.25 ng ml-1, the main difference 
between two approaches is the concentration of CSP1 stock used (1 ng µl-1 vs 0.25 ng µl-1). 
Since both experiments were performed by adding relatively small volume of CSP1 to large 
volume cultures and then getting mixed by swirling, there was subset of cells that were exposed 
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to the initial higher concentration CSP1 stock before mixture. When the subset of ∆dprA cells 
exposed to higher concentration CSP1 stock (1 ng µl-1 when compared to 0.25 ng µl-1), they were 
more likely to synthesize and secrete more CSP1 into the medium to increase the CSP1 
concentration from 0.25 ng ml-1 to achieve the threshold concentration required to induce 
competence in the whole population. In contrast, when WT bacteria were exposed to higher 
CSP1 (1 ng µl-1), they could not enter competence (Figure 2.17A), suggesting that ∆dprA 
bacteria were more easily induced to enter competence. Additionally, the different results from 
two approaches suggest both the “local” and “final” CSP1 concentration could affect the 
outcome of competence induction. This may be important because during in vivo infection, 
pneumococcus cells may be restrained by different barriers and therefore are highly 
heterogeneous. When a subset of ∆dprA cells enters competence state, they may be able to 
spread competence more easily than WT.  
 To further examine the proposed model of ∆dprA versus WT response to low 
concentrations of CSP1, we used a firefly luciferase reporter strain to map the expression profile 
of the "late" gene ssbB, which encodes the single strand DNA binding protein B, at CSP1 
concentrations and experimental conditions described in Figure 2.17A. Higher concentrations of 
CSP1 consistently induced longer and higher expressions of ssbB gene in ∆dprA than WT 
(Figure 2.17C and D). WT was not responsive to 0.5 ng ml-1 of CSP1 and did not express 
detectable ssbB (Figure 2.17C, see arrow). In contrast, even though ∆dprA exposed to 0.5 ng ml-1 
of CSP1 was not able to induce ssbB immediately, once initiated at 40-minute post-exposure, the 
induction peaked at 70-minute and continued to 120-minute post-exposure (Figure 2.17C and D). 
Collectively, these results suggest that the concentration of CSP1 in the initial ∆dprA culture was 
inadequate to boost ssbB expression until additional CSP1 was synthesized by the cells. 
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Additionally, ∆dprA appears to be more responsive than WT to low levels of CSP1 that drives 
the self-amplifying loop for additional synthesis of the competence peptide that resulted in the 
ComM-mediated CFU reduction (Figure 2.10).   
 
Inability to turn off the competence system leads to excessive energy consumption in ∆dprA  
As discussed above, DprA is required to shut off the competent state and the expression of ~ 100 
"early" and "late" competence genes (Mirouze et al., 2013; Weng et al., 2013). We have shown 
that ∆dprA overexpresses the “early” gene comM, as well as ComX-regulated "late" genes, 
including lytA, cbpD, and cibAB. Higher expression levels of ComX-induced "late" genes in 
∆dprA are likely to cause unwanted cellular stress and excessive energy consumption. We 
transcriptionally fused the bacterial bioluminescent reporter luxABCDE (Francis et al., 2000) to 
ssbB and used the reporter as a surrogate to measure excessive energy consumption by ∆dprA. 
The light production catalyzed by luciferase encoded by luxA and luxB involves the oxidization 
of long-chain fatty aldehyde by oxygen. In order to maintain continuous light output, a key 
substrate, fatty aldehyde, must be regenerated by a fatty acid reductase complex encoded by 
luxCDE. Fatty acid reduction consumes ATP (Meighen, 1993). When "late" competence genes 
including ssbB are overexpressed by the reporter strain, excessive energy is consumed by the 
bioluminescent reaction instead of being used for cell growth. In the absence of competence 
induction, both WT-ssbB-luxABCDE and ∆dprA-ssbB-luxABCDE did not emit light, and 
exhibited similar growth rate (Figure 2.18A and C). In contrast, competence induction by CSP1 
induced a more prolonged and heightened expression of ssbB-luxABCDE in ∆dprA than in WT, 
resulted in significantly lower growth rate (Figure 2.18B and D). Collectively, these results 
suggest that failure to shut off ~100 competence genes (~1/20 of pneumococcal genome) within 
32 
 
host environment with potentially limited nutrients and energy source may contribute to the 
attenuation of ∆dprA. To further validate the aforementioned results, we also constructed an 
rplL-luxABCDE reporter which constitutively expressed the bioluminescent reporter luxABCDE. 
After competence induction, WT-rplL-luxABCDE and ∆dprA-rplL-luxABCDE both produce less 
light, attributable to either less availability of ATP and/or reduced transcription and translation of 
luxABCDE (Figure 2.19). The reduced light output, which is more severe in ∆dprA-rplL-
luxABCDE than WT-rplL-luxABCDE, indicates the negative effect imposed by competence 
induction on the normal cellular activities.  
 
2.4 DISCUSSION 
The role of DprA in competence shut off was recently reported (Mirouze et al., 2013; Weng et 
al., 2013). Additionally, during a comprehensive genetic deletion screen of "late" genes regulated 
by ComX, we have shown that DprA is important for fitness during host infection, and this 
process is competence-dependent (Zhu et al., 2015). However, the mechanism of virulence 
attenuation in ∆dprA was preliminarily attributed to slight growth delay when cultured under in 
vitro conditions, but has not been mechanistically examined. In this study, we examined in detail 
the mechanisms of virulence attenuation in ∆dprA. We found that ∆dprA is more readily entering 
the competent state in response to lower concentration of CSP1 with prolonged competent state, 
leading to deleterious overexpression of allolytic factors LytA, CbpD and CibAB, as well as the 
fratricide immunity protein ComM. ∆dprA is more susceptible to detergent-triggered cell lysis, 
and disabling of the competent state-specific expression allolytic factors in ∆dprA partially 
compensated the virulence loss, suggesting that excessive allolysis by LytA, CbpD and CibAB 
contributes to virulence attenuation. Overexpression of ComM slows down cell separation after 
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division and is partially responsible for virulence attenuation. Additionally, overexpression of 
competence genes drives excessive energy consumption, leading to competitive disadvantages. 
Collectively, several lines of experimental evidences indicate that inability to properly exit the 
competent state disrupts multiple cellular processes that cause to virulence attenuation in ∆dprA. 
 We found that ∆dprA derived from the encapsulated serotype 2 strain D39 only showed 
slight growth delay in the presence of CSP1. This is contrary to the previously published 
observation of severe growth arrest and allolysis after CSP1 exposure in non-capsulated, hyper-
competent strains Rx and R800 (Mirouze et al., 2013; Weng et al., 2013). These discrepancies 
are likely due to the fact that intact capsule on both D39 WT and ∆dprA may reduce their 
accessibility of CSP1. However, other unknown differences between these strains cannot be 
ruled out.   
 CbpD and CibAB mediate allolysis in pneumococcus cultured in liquid or solid medium, 
respectively (Eldholm et al., 2009; Guiral et al., 2005). However, host environment is more 
complex than in vitro cultures, and the physiological roles of CbpD and CibAB are not fully 
understood during competence-regulated infection. As we have previously discussed,  allolysis 
could cause up to 20% cell lysis in the hyper-competent Rx strain grown in the CAT medium  
(Steinmoen et al., 2002). Most recently, it has been reported that high levels of DprA inside 
pneumococcus cells ensures the fitness of genetic transformants by completely shut down 
competence, which prevents severe growth delay and cell lysis (Johnston et al., 2018). However, 
under the similar in vitro experimental conditions either by -galactosidase release in both CAT 
and THY medium or by live/dead staining in both THY and C+Y medium, we did not find 
concrete evidence that D39 WT and ∆dprA are more susceptible to allolysis during CSP1-
mediated competence induction. However, in vitro, when pneumococcus cell membranes are 
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disrupted by detergents SDS, competence-induced ∆dprA cells lyse at a faster rate than WT, 
likely because it expresses more allolytic proteins such as CbpD and CibAB. This hypothesis is 
supported by our in vivo infection data. For example, deletion of combox in the promoters of 
cbpD and cibAB, which abolished the ability of ComX to activate these allolytic genes, alleviate 
the virulence attenuation in ∆dprA (Figure 2.5, C-E), indicating that during in vivo bacteremia 
and acute pneumonia infections, excessive expression of CbpD and CibAB contribute to 
virulence loss in ∆dprA.  
 Recently, we have shown that ComX, DprA, LytA, CbpD and CibAB are important for 
competence state-specific virulence (Zhu et al., 2015). The attenuation of ∆comX1∆comX2 in 
mouse bacteremia and pneumonia infections was attributed to the inability of pneumococcus to 
activate competent state-specific cbpD, cibAB, and the combox-containing p1 promoter that 
drives the cinA-recA-dinF-lytA operon, indicating these competence-dependent allolytic factors 
are induced and contributed to virulence during host infection. Our current study suggests that 
excessive expression of allolytic factors contributes to competitive disadvantages in ∆dprA. The 
exact contribution of LytA, CbpD, and CibAB during competence-dependent virulence inside 
the host environment requires further investigation. 
 The importance of DprA in maintaining homeostatic levels of ComM appears to be 
crucial for rapid recovery of pneumococcus from the stress imposed by competent state. ComM 
induction temporarily pauses cell division as indicated by reduced CFU under competent state 
(Figure 2.10) until DNA recombination is completed (M. J. Berge et al., 2017). Overexpression 
and extended presence of ComM lead to morphological changes in pneumococcal cells (Straume 
et al., 2017). Our data show that ∆dprA cells overexpress ComM and display delayed cell 
division and separation, which likely contributed to growth delays (Figure 2.13; Figure 2.14; 
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Figure 2.16). These results are consistent with the notion that DprA tightly regulates ComM 
levels to prevent prolonged cell division arrest while genomic DNA is replicating. 
Previously, it was found that comM deletion or single point mutants in the R800 strain 
caused a CbpD-dependent severe cell lysis, and therefore, ComM was considered as an 
immunity protein (Havarstein et al., 2006; Straume et al., 2017). Therefore, our finding that 
ΔcomM cells do not suffer increased cell lysis contradicts previous findings. We confirmed the 
complete deletion of comM gene by PCR and DNA sequencing. One plausible explanation may 
be that strain D39 does not have a strong CbpD-mediated fratricide mechanism, and therefore, 
lacking ComM-mediated protection does not lead to cell death. Another possibility is that ComM 
is not the immunity protein to CbpD-mediated fratricide. When we constructed the 3xFLAG-
tagged ComM strain, we found that 3xFLAG-tagged ComM could be detected in cells, and CSP1 
treatment led increased ComM expression and stalled pneumococcal growth. The stalled growth 
is more severe in ΔdprA but ameliorated in ΔcomX1ΔcomX2, suggesting that effectors regulated 
by ComX are responsible for the growth arrest. Of these, CbpD and LytA deficiency provides 
resistance to the CSP1-mediated growth arrest in the ComM-3xFLAG. Because pneumococcus 
has high basal expression of LytA but CbpD is mainly competence induced, and that only 
competence induction triggers growth arrest, CbpD is the likely contributor to cell arrest. 
Because the deletion of comM did not cause growth arrest in competent D39 (Figure 2.12), the 
stalled growth phenotype observed in competent ComM-3xFLAG strain was unlikely 
attributable to the loss of ComM function caused by FLAG-tagging. It is possible that 3x-FLAG-
tagging at C-terminal render ComM protein more resistant to proteolytic degradation, as 
observed in western blotting (Figure 2.14), generating a phenotype similar to ComM-
overexpressing strain. Because the deleterious effect of ComM on cell growth can be mitigated 
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by the loss of cbpD gene, it is likely that ComM is not the immunity protein, but rather, a 
contributor to CbpD-mediated fratricide. CbpD also mediates cell lysis in ΔdprA which 
overexpresses ComM. Separately, ComM expression causes cell separation delay which is 
manifested in CFU reduction. However, this phenotype is independent of any “late” competence 
genes, suggesting the physiological function of ComM is not dependent on CbpD. Further 
investigations are needed to unveil the true function of ComM, but possibly by activating CbpD 
or facilitating the transport of CbpD from cytoplasm across the membrane. 
 Competence induction is a quorum sensing-like mechanism based on the accumulation of 
CSP peptides. The finding that ∆dprA is more responsive to low concentrations of CSP1 is 
interesting. Majority of competence studies in pneumococcus, including those involving ∆dprA 
in the hyper-competent capsule-deficient Rx and R800 strains, were performed using high 
concentration of CSP1 (100 ng ml-1) (Mirouze et al., 2013; Weng et al., 2013), which may not 
be not physiologically meaningful. Recently a non-quorum-sensing based model of spontaneous 
competence induction was proposed (Prudhomme et al., 2016; Weyder, Prudhomme, Berge, 
Polard, & Fichant, 2018) and challenged (Moreno-Gamez et al., 2017). In this model, 
competence is induced by CSP1 retained by the ComD receptors in a subpopulation of 
pneumococcal cell surface, and these cells will spread competence to other pneumococci by 
transferring the ComD-bound CSP1 to ComD receptors on the recipient cells via direct cell-cell 
contact. This new model suggests that CSP1 in certain pneumococcus strains such as D39 may 
not be secreted and diffuse into the medium, and therefore, competence in these strains is 
unlikely induced in a traditionally described quorum-sensing manner (Prudhomme et al., 2016). 
Our results show that, regardless of the models, once competence is induced in a small 
subpopulation of pneumococcus, ∆dprA is likely to secrete more CSP1 and therefore more likely 
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to spread competence to the whole population (Figure 2.17). For example, the 0.5 ng ml-1 CSP1 
exposure in ∆dprA ssb-luc (Figure 2.17D) showed that ∆dprA strain eventually caught up with 
the pace of competence induction, and the lag time most likely suggested a period of “CSP1 
accumulation in the medium” or “cell-cell contact signal propagation”. Based on the in vitro 
result, we speculated that ∆dprA strain can enter competence system earlier, and after entering 
competence state the competence gene expression levels are higher. And future studies can 
explore the competence induction differences between ∆dprA and D39 in vivo. Unlike the near 
homogeneity in the test tubes, pneumococcus encounters different niches and physical barriers 
inside mouse lungs and other host tissues.  
 In summary, detailed characterization indicates that dysregulated expression of allolytic 
factors, excessive energy consumption as a result of inability to shut off the transcription of ~100 
competence genes, and deleterious effects associated with ComM-mediated cell division delay 
and death contribute to competence-specific virulence attenuation in ∆dprA. Increased 
understanding of DprA-regulated competence specific virulence mechanism may lead to better 
understanding of pneumococcal pathogenesis and disease control. 
 
2.5 MATERIALS AND METHODS 
Chemicals 
Unless stated otherwise, chemicals were purchased from Sigma-Aldrich. 
 
Bacterial strains and growth conditions 
S. pneumoniae D39 and derivatives (Supplementary Information) were cultured overnight on the 
Todd Hewitt Broth (THB) (Thermo Fisher Scientific) agar plates containing 5% defibrinated 
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sheep blood at 37˚C with 5% CO2. Single colonies were picked and cultured in the fresh THY 
liquid medium to desirable density. CAT and C+Y medium were also used at designated in vitro 
culture experiments. Antibiotics were used at the following concentrations: kanamycin for Janus 
Cassette, 200 µg ml-1; kanamycin for Sweet Janus Cassette, 500 µg ml-1; streptomycin, 100 µg 
ml-1; and chloramphenicol, 4 µg ml-1. For sucrose selection, 10% sucrose was added to THB agar 
plates. 
 
Construction of gene replacement mutants 
To generate kanamycin resistant pneumococcal strains (Supplementary Information), kanamycin 
resistance gene was cloned from the Janus Cassette. Flanking sequences from the target gene 
were amplified by polymerase chain reaction (PCR) using the Q5® High-Fidelity DNA 
Polymerase (New England Biolabs) and spliced with kanamycin resistance gene using the 
NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs) following the 
manufacturer protocols. Spliced genes were used as template for PCR amplification. PCR 
products were purified by a gel purification kit (ZYMO Research), and used to transform 
recipient pneumococcal strains. For chloramphenicol resistance, the target gene to be deleted was 
PCR amplified and cloned into pEVP3 plasmid (Supplementary Information), and the resultant 
plasmid was used to transform the recipient strains. To generate scar-less mutants, Sweet Janus 
Cassette was used as described in detail the Supplementary Information. To construct reporter 
plasmids (Supplementary Information), we performed gene assembly using the NEBuilder® HiFi 
DNA Assembly Master Mix.  Detail procedures of mutant and plasmid constructions are 





Animal studies were performed in strict accordance with the US National Research Council's 
Guide for the Care and Use of Laboratory Animals, the US Public Health Service's Policy on 
Humane Care and Use of Laboratory Animals, and Guide for the Care and Use of Laboratory 
Animals. The protocol was approved by the Institutional Animal Care and Use Committee 
(IACUC) at the University of Illinois at Urbana-Champaign (UIUC) under the protocol number 
18135.  
 
Mouse models of single acute pneumonia and bacteremia infections 
Six-week old male and female CD-1 mice (Charles River, Boston, MA) were housed in 
positively ventilated microisolator cages with automatic recirculating water, located in a room 
with laminar, high efficiency particle accumulation–filtered air. The animals received autoclaved 
food, water, and bedding, and were acclimated for 5-7 days before infection. Briefly, for acute 
pneumonia model, mice were intranasally inoculated with 106 CFU of pneumococcal cells. After 
48 hours, mice were euthanized, and bacterial burden in the homogenized lungs were 
enumerated by serial dilution plating on THB agar plates. For bacteremia model, CD-1 mice 
were intraperitoneally inoculated with 104 CFU pneumococcal cells. Bacterial burdens in the 
spleens were enumerated 24 hours after infection. For nasal colonization model, un-anesthetized 
CD-1 mice were intranasally inoculated with 106 CFU pneumococcal cells. After 48 hours, mice 
were euthanized, and nasal cavities were dissected and homogenized. Bacterial burden was 
enumerated after serial dilution plating on THB agar. Because both male and female mice 




Mouse model of in vivo competitions 
In vivo competitions were performed as previously described (Lau et al., 2001). Briefly, CD-1 
mice were inoculated with a pneumococcal suspension containing a 1:1 mixture of parental 
strain and its derivative, using the concentration of each strain described above for the single 
infections. At designated times, mouse lungs or spleens were harvested, homogenized and 
serially diluted onto THB agar plates with and without antibiotics. The CI was defined as the 
output ratio of derivative to parental bacteria divided by the input ratio of derivative to parent 
bacteria. A CI value of 0.7 or lower was defined as attenuated as previously described (Lau et 
al., 2001).  
 
Beta-galactosidase assays 
Pneumococcus strains constitutively expressing lacZ reporter gene were grown to indicated 
OD595nm and treated with 100 ng ml
-1 CSP1 for 30 minutes. Beta-galactosidase assays were 
performed with culture supernatant and whole culture lysates as previously reported (Weng et 
al., 2013).  
 
Live/Dead Staining 
Pneumococcal strains were grown to OD595nm 0.1 and treated with CSP1 at 100 ng ml
-1 for 1 
hour or 3 hours. Bacteria were gently washed with sterile saline at 4,000 × g for 3 minutes, and 
subsequently, stained using the LIVE/DEAD BacLight Bacterial Viability Kit (Thermo Fisher 
Scientific) following manufacturer’s instructions. Stained bacteria were observed using a 
fluorescence microscope. The number of live and dead bacteria (n = 300 per field) were counted 
in 10 representative fields. 
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Transmission Electron Microscopy (TEM) 
Pneumococcal strains were grown to OD595nm 0.1 and treated with CSP1 (100 ng ml
-1) for 1 
hour. Bacteria were gently washed with saline and pelleted by centrifugation at 4,000 × g for 3 
minutes, and subsequently fixed using the Karnovsky’s fixative. Fixed bacteria were washed 
with the Sorensen's phosphate buffer, and incubated in osmium tetroxide, followed by a wash in 
sterile water. Bacteria were then dehydrated in ethanol, followed by acetonitrile, and then 
immersed sequentially in 1:1 epoxy:acetonitrile, 3:1 epoxy:acetonitrile, 100% Epoxy, and finally 
embedded in Lx112 resin (LADD Research Industries).  The pellet was then hardened in a 
microcentrifuge tube at 80oC overnight, removed and re-embedded on an epoxy stub. Embedded 
bacteria were sectioned to 90 nm thickness by using a diamond blade on a Reichert 
Ultramicrotome, and stained with uranyl acetate and lead citrate. Images were captured by using 
a Hitachi H600 TEM at 75 kV using plate film at the UIUC Material Research Laboratory. 
 
Western blot analysis 
Pneumococcal culture (1 mL) was centrifuged 4,000 x g for 3 minutes at 4˚C. Pneumococcal 
reporter strains harboring lytA-FLX3 and cbpD-FLX3 were lysed by Bullet Blender (Next 
Advance). Pneumococcal strains expressing comM-3xFLAG were lysed with 0.1% Triton X-100 
and 0.01% SDS. Ten microliters of total cell lysates were separated by 10% SDS-PAGE and 
transferred to nitrocellulose membranes and subjected to Western blot analysis by probing with 
primary antibody against FLAG tag (Agilent #200474, 1:1000 dilution), and visualized with a 
secondary goat anti-rat IgG-HRP (Cell Signaling Technology #7077, 1:2,000 dilution) by using 
the ECL substrate (Bio-Rad, #170-5060). Relative abundance of proteins was quantified by 
densitometry using the ImageJ software (NIH). 
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In vitro luciferase assays 
Pneumococcal strains harboring luxABCDE or firefly luciferase (luc) were cultured in a 96-well 
plate at 37˚C in a Wallac Victor 2 Multilabel Counter (PerkinElmer). D-Luciferin Potassium 
(GoldBio) was added to cultures of luc-bearing strains to a final concentration of 0.65 mM. 
Pneumococcal growth (OD495nm) and reporter gene expression (luminescence) were measured 
automatically. CSP1 was added to induce competence to a final concentration of 100 ng ml-1.  
 
Statistical analyses  
Quantitative data were expressed as the mean ± standard deviation. Statistical significance of 
was compared using the GraphPad Prism statistical software package. Statistical differences 
among the group were determined by using the one-way ANOVA analysis. Statistical difference 
when comparing between two samples within each group was determined by the unpaired 





Figure 2.1 ∆dprA displays growth delay during CSP1-induced competent state and is 
attenuated in virulence. 
A. ∆dprA showed growth delay after competence induction. Pneumococcal growth was assayed 
in Todd-Hewitt Broth supplemented with 0.5% yeast extract (THY) at 37˚C in 5% CO2. CSP1 
was added at OD595nm of ~ 0.1 to a final concentration of 100 ng ml
-1.  
B. Both D39 WT and ∆dprA showed reduced colony forming units (CFUs) upon CSP1 
induction. CFUs were measured by serial dilution plating on THY agar in parallel to the growth 
studies at designated time points shown in A.  
C. ∆dprA is attenuated in the mouse model of competitive bacteremia and acute pneumonia 
infection, and nasopharyngeal colonization. For bacteremia, CD-1 mice (n = 5) were 
intraperitoneally inoculated with 1:1 ratio (1 x 104 CFU per strain) of WT and ∆dprA. Bacteria in 
spleens were enumerated at 24-hour post infection. For acute pneumonia, CD-1 mice (n = 5) 
were intranasally inoculated with 1:1 ratio (1 x 106 CFU per strain) of WT and ∆dprA. Bacteria 
in lungs were enumerated at 48-hour post infection. For nasopharyngeal colonization, un-
anesthetized CD-1 mice (n = 5) were intranasally inoculated with 1:1 ratio (1 x 106 CFU per 
strain) of WT and ∆dprA. Bacteria in nasal washes were enumerated at 48-hour post inoculation. 
D. ∆dprA is attenuated in a mouse model of single bacteremia infection. CD-1 mice (n = 8) were 
intraperitoneally inoculated with 1 x 104 CFU of WT and ∆dprA, respectively. Bacterial burden  
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Figure 2.1 (cont.)  
in spleens was enumerated at 24-hour post infection. E. ∆dprA is not attenuated in a mouse 
model of single acute pneumonia infection. CD-1 mice (n = 10) were intranasally infected with 1 
x 106 CFU of WT or ∆dprA. Bacterial burden in lungs was enumerated at 48-hour post infection. 
Unpaired Student’s t-test was used to compare statistical differences between two samples, and a 






Figure 2.2 ∆dprA exhibits reduced growth in vitro after competence induction.  
A. ∆dprA showed growth delay after competence induction. Both WT and ∆dprA were cultured 
in Todd-Hewitt broth supplemented with 0.5% yeast extract at 37oC. CSP1 was added at OD595nm 
of ~ 0.1 to a final concentration of 10 ng ml-1.  
B. Both WT and ∆dprA showed reduced colony forming units (CFU) upon CSP1 induction. 
CFUs were measured by serial dilution plating in parallel to the growth assays (A) at designated 
time points. Unpaired Student’s t-test was used to compare statistical differences between two 






Figure 2.3 Allolysis does not contribute to growth delay in ∆dprA during competence 
induction by CSP1 in vitro.  
A. Inhibition of allolysis does not relieve growth delay in the ∆dprA during CSP1-induced 
competence. Growth curve of ∆dprA in Todd Hewitt Broth supplemented with 0.5% yeast 
extract (THY) in the presence or absence of allolysis inhibitor 2% choline chloride (ChCl). CSP1 
was added to the bacterial cultures at OD595nm ~ 0.1 to a final concentration of 100 ng ml
-1.  
B. Double deletion of the major allolytic genes lytA and cbpD does not relieve the growth delay 
in ∆dprA during competence. CSP1 was added to the ∆lytA∆cbpD cultured in THY at OD595nm ~ 
0.1 to a final concentration of 100 ng ml-1.  
C. ∆dprA does not exhibit increased cell lysis after competence induction. Both WT (D39) and 
∆dprA were genetically engineered to constitutively express the lacZ gene. CSP1 was added to 
the bacterial cultures at OD595nm ~ 0.1 to a final concentration of 100 ng ml
-1, and β-galactosidase 
activities in supernatants and lysates were measured at the indicated OD595nm.  
D. ∆dprA does not exhibit increased cell death after competence induction. CSP1 was added to 
the bacterial cultures at OD595nm ~ 0.1 at a final concentration of 100 ng ml
-1. After 1 hour of 




Figure 2.3 (cont.)  
of dead and live pneumococcal cells were quantified under a fluorescence microscope. Bacteria 




Figure 2.4 ∆dprA does not exhibit more cell death after competence induction in vitro.  
CSP1 (100 ng ml-1) was added at OD595nm of ~ 0.1 to WT and ∆dprA cells cultured in THY 
medium (A) and C+Y medium (B). After 1 hour (A) or 3 hours (B) of incubation at 37oC, cells 





Figure 2.5 CbpD and CibAB-mediated allolysis contributes to ∆dprA attenuation in vivo.  
A-B. CSP1-induced ∆dprA bacteria are more susceptible to SDS and deoxycholate (DOC)-
mediated lysis. Competence was induced in D39 WT and ∆dprA by adding 100 ng ml-1 of CSP1 
at OD595nm 0.1. When both cultures reached OD595nm 0.5, SDS (0.05%, A) or DOC (0.05%, B) 
was added. Cell lysis was monitored temporally using a spectrophotometer. Non-induced and 
CSP1-induced ∆lytA and ∆cbpD were used as control.  
C. Deletion of allolytic genes cbpD and lytA ameliorates virulence attenuation of ∆dprA in a 
single bacteremia infection. CD-1 mice (n = 12) were intraperitoneally infected with 1 x 104 CFU 
of ∆cbpD∆lytA and ∆dprA∆cbpD∆lytA, respectively. Mouse spleens were harvested at 24-hour 
post-infection for bacterial enumeration. 
D. Deletion of cbpD and lytA genes ameliorates virulence attenuation of ∆dprA in a competitive 
bacteremia infection. CD-1 mice (n = 6) were infected with 1:1 ratio (1 x 104 CFU) of each 
indicated strains. Mouse spleens were harvested at 24-hour post-infection for bacterial 
enumeration.  
E. Deletion of ComX binding site (combox) on the promoter of cbpD and cibAB ameliorates 
virulence attenuation of ∆dprA in a competitive acute pneumonia infection. CD-1 mice (n = 5 to  
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Figure 2.5 (cont.) 
13) were intranasally infected with 1:1 ratio (1 x 106 CFU) of indicated strains. Mouse lungs 
were harvested 48 hours post-infection for bacterial enumeration. Unpaired Student’s t-test was 
used to compare statistical differences between two samples, and a significant difference was 





Figure 2.6 ∆dprA expresses higher amount of the allolytic gene lytA during competence 
induction.  
A. Pneumococcal growth and lytA gene expression were tracked in WT and ∆dprA using the 
FLX3 dual reporters. The FLX3 dual reporter harbors a 3xFLAG tag translationally-fused to the 
C-terminus of the lytA gene, immediately followed by a transcriptionally-fused promoterless 
bioluminescent reporter luxABCDE. CSP1 (100 ng ml-1) was added at OD490nm ~0.1 (Time 56 
min).  
B. Expression of LytA protein in WT and ΔdprA reporter strains (A) were tracked in parallel 
after addition of CSP1 for 15, 30, 45, and 60 minutes. Equal amounts of bacterial lysates were 
loaded onto two 10% polyacrylamide gels. One gel was used for Western blotting and the other 




Figure 2.7 ∆dprA expresses higher amount of the allolytic gene cbpD during competence 
induction.  
A. Pneumococcal growth and cbpD gene expression were tracked in WT and ∆dprA using the 
FLX3 dual reporters, which harbors a 3xFLAG tag translationally fused to the C-terminus of the 
cbpD gene, immediately followed by a promoterless transcriptionally-fused luminescent reporter 
luxABCDE. CSP1 (100 ng ml-1) was added at OD490nm ~0.1 (Time 56 min).  
B. Expression of CbpD protein in WT and ΔdprA reporter strains (A) were tracked in parallel 
after addition of CSP1 for 15, 30, 45, and 60 minutes. Bacterial lysates were loaded onto two 
10% polyacrylamide gels. One gel was used for Western blotting and the other one stained with 




Figure 2.8 Deletion of combox from the promoter of both cbpD and cibAB genes abolishes 
CSP1-mediated induction of both allolytic genes.  
A. Deletion of ComX-binding site (combox) from the promoter of cbpD and cibAB genes. 
Sequencing results of ∆PcomXcbpD or ∆PcomXcibAB at the promoter cbpD and cibAB genes. The 
combox (TCCGAATA), and the preceding consensus sequence (TTTTTT or TTCTTT) before 
combox were deleted.  
B. Deletion of combox in promoter abolishes CSP1-induced CbpD expression. Pneumococcal 
strains were transformed with FLX3 dual reporter (see Figure 2.7). CSP1 was added at OD595nm 
~ 0.1. CbpD expression was tracked after induction with CSP1 (100 ng ml-1) for 30 and 60 
minutes. Bacterial lysates were loaded onto two 10% polyacrylamide gels. One gel was used for 
Western blotting with anti-FLAG antibody and the other one stained with Coomassie blue to 




Figure 2.9 ∆dprA does not exhibit aberrant cell wall structures after competence induction. 
Transmission electron micrographs showing the morphology of WT (A), WT + 100 ng ml-1 




Figure 2.10 CSP1-mediated CFU reduction and virulence attenuation are partially caused 
by ComM.  
A. CSP1-mediated CFU reduction is caused by “early” genes in the competence regulon. 
Competence was induced in designated mutant cultures by CSP1 (100 ng ml-1) at OD595nm ~0.1. 
After 1.5 hours of incubation at 37˚C, CFUs were measured by serial dilution plating.  
B. Growth rate of ∆comM and ∆dprA∆comM during exposure to CSP1. Pneumococcal growth 
was compared in Todd-Hewitt broth supplied with 0.5% yeast extract at 37˚C. CSP1 was added 
at OD595nm of ~ 0.1 at a final concentration of 100 ng ml
-1.  
C. CFU reduction is attenuated in both ∆comM and ∆dprA∆comM during exposure to CSP1. 
CFUs were measured by serial dilutions and plating in parallel to the growth studies at 
designated time points as described in B.  
D. ComM contributes virulence reduction in ∆dprA. CD-1 mice were intranasally infected with 
1:1 ratio (1 x 106 CFU per strain) of indicated strains. Mouse lungs were harvested at 48-hour 
post-infection for bacterial enumeration. Unpaired Student’s t-test was used to compare 






Figure 2.11 Gene replacement of comM with the erythromycin resistance gene. 
Schematic depiction of comM deletion and confirmation by DNA sequencing. Sequencing results 
of ∆comM using the upstream primer seqF and the downstream primer seqR. Coding region 
between 3 - 584 bp nucleotides of the comM gene (full length 621 bp) were replaced by 






Figure 2.12  Growth phenotype, CSP1 susceptibility and transformation rate of ΔcomM. 
A. ∆comM showed similar growth kinetics as WT with or without competence induction by 
CSP1 (Time 0 min). Both WT and ∆comM were cultured in Todd-Hewitt broth supplemented 
with 0.5% yeast extract (THY) at 37oC. CSP1 was added at OD595nm of ~ 0.14 to a final 
concentration of 100 ng ml-1.  
B. ∆comM is resistant to CSP1-mediated colony forming units (CFU) reduction. CFUs were 
measured by serial dilution plating in parallel to the growth assays (A) at the 90 min post CSP1 
exposure.  
C. ∆comM has lower transformation rate than WT. WT and ∆comM were cultured in C+Y 
medium to ~OD 0.15 and treated with 100 ng mL-1 CSP1 and 50 ng mL-1 of a 1.8 kbp rpsL PCR 
fragment (Streptomycin resistance). After 1 hour of CSP1 treatment, the number of 
transformants and total CFU were determined by serial dilutions and plating on THY plates with 
or without Streptomycin. The transformation frequency was calculated by dividing 
#transformants by total CFU. Unpaired Student’s t-test was used to compare statistical 





Figure 2.13 The "early" competence gene comM is expressed at higher levels in competent 
state ∆dprA. 
Expression of comM was tracked in both WT and ∆dprA using the comM-luc, which is a firefly 
luciferase reporter transcriptionally fused to the promoter of comM gene. CSP1 (100 ng ml-1) 
was added at OD490nm ~0.1 (Time 45 min). Notice that competence induction resulted in lower 




Figure 2.14 ∆dprA overexpresses ComM protein during competence induction. 
Expression of ComM protein in WT and ΔdprA were tracked using a comM-3xFLAG reporter, 
where a 3xFLAG tag was translationally-fused to the C-terminus of the comM gene. Samples 
were collected at 5, 10, 15, 30, 45 and 60 minutes post-CSP1 (100 ng ml-1) treatment at OD595nm 
~0.1. Bacterial lysates were loaded onto two 10% polyacrylamide gels. One gel was used for 
Western blotting with anti-FLAG antibody and the other one stained with Coomassie blue as 
loading control. Densitometry analyses of ComM expression were performed using the ImageJ 




Figure 2.15 Deletion of cbpD ameliorates the competence-induced growth arrest in comM-
3xFLAG. 
Pneumococcal strains were cultured in THY medium and treated with CSP1 (100 ng ml-1) at 
Time 0, and bacterial growth was monitored for 4 hours. Fusion of 3xFLAG-tag to C-terminal of 
comM gene caused growth arrest of both WT and ΔdprA strain after competence induction by  
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Figure 2.15 (cont.) 
CSP1. ΔdprA strain had more severe growth arrest which last for more than 1.5 hours. This 
growth arrest was competence dependent, and largely caused by the expression of the 
competence late genes encoded CbpD and LytA, as shown by the alleviation of growth arrest in 





Figure 2.16 ∆dprA exhibits cell division delay during CSP1-induced competence.  
A-D. Transmission electron microscopy images showing the cellular morphology of WT and 
∆dprA in the presence or absence of 100 ng ml-1 CSP1 for 60 minutes. Arrows pointing to 





Figure 2.17 ∆dprA is more responsive to competence induction by lower concentrations of 
CSP1.  
A-B. CFU reduction induced by addition of CSP1 stock solution to pneumococcal cultures at 
OD595nm ~ 0.1 using schemes described. After 1.5 hours, CFU was determined by serial dilution 
plating.  
C-D. The expression of the ComX-regulated "late" gene ssbB in WT (C) versus ∆dprA (D) in 
response to different concentrations of CSP1. WT-ssbB-luc and ∆dprA-ssbB-luc were grown to 
OD595nm ~ 0.1 in Todd Hewitt broth supplemented with 0.5% yeast extract (THY), and exposed 
to different amounts of CSP1 to achieve designated final concentrations. The expression of ssbB 
was measured by using a luminometer plate reader. Unpaired Student’s t-test was used to 
compare statistical differences between two samples, and a significant difference was considered 





Figure 2.18 Overexpression of the "late" gene ssbB leads to excessive energy consumption 
and growth delay in ∆dprA during competence induction. 
Energy expenditure was tracked indirectly by transcriptionally fusing the bacterial 
bioluminescent reporter luxABCDE genes to the promoter of the "late" competence gene ssbB. 
The expression of ssbB-luxABCDE were compared between WT-ssbB-luxABCDE (A, B) versus 
∆dprA-ssbB-luxABCDE (C, D). CSP1 (100 ng ml-1) was added at OD590nm ~ 0.05 (time 180 




Figure 2.19 Competence induction in ΔdprA drains resources dedicated for cellular growth.  
WT and ΔdprA cells harboring luxABCDE transcriptionally fused to constitutively expressing 
rplL gene were treated with CSP1 (100 ng ml-1) at Time 0. Both bioluminescence and growth 
were monitored for 4 hours. Competence induction by CSP1 caused a more severe reduction of 
light output in ΔdprA than in WT, indicating less luxABCDE protein production and/or less 





CHAPTER 3: UNRAVELING THE SPATIOTEMPORAL DYNAMICS OF 
COMPETENCE INDUCTION DURING PNEUMONIA-DERIVED SEPSIS BY 
STREPTOCOCCUS PNEUMONIAE 
3.1 ABSTRACT 
Competence induction in Streptococcus pneumoniae can be studied by using the firefly 
luciferase reporter (luc) fused to the competence regulated genes. By using a reporter strain 
derived from the Griffith Type II strain D39, we were able to monitor the spatiotemporal 
competence development in a mouse model of pneumonia-derived sepsis (pneumonic sepsis). In 
contrast to the short competence burst induced by the exogenously-provided competence 
stimulating peptide (CSP) under in vitro experimental conditions, naturally developed competent 
state during pneumonic sepsis was prolonged and persistent. Competence state became 
detectable at approximately 20 hours post infection (hpi) and progressed in two different 
manners. In some mice, induction of competent state quickly led to sepsis and death, 
accompanied by increasing intensity of competence signal. In the other mice, the pneumonia 
stage lasted longer, with the competence signal decreased at first, but elevated as the infection 
became severe and septic. The initial concentration of pneumococcal inoculum (1 x 106 – 5 x 107 
CFU per mouse) and lung bacterial burden did not appreciably impact the kinetic of competence 
induction. Exogenously provided CSP1 had limited effect on the development of natural 
competence in vivo. DNA processing protein A (DprA), which is responsible for efficient 
competence shut off in vitro, was highly expressed during pneumonic sepsis, but failed to shut 
off the competent state in infected animals. Importantly, natural competence development were 
also detected in serotypes III and IV clinical pneumococcal strains. Lastly, during pneumonic 
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sepsis, competent D39 bacteria appeared to propagate the competence signal by using a cell-cell 
contact mechanism rather than the quorum-sensing model based on freely diffusive CSP. 
 
3.2 INTRODUCTION 
Streptococcus pneumoniae (pneumococcus) is an important human pathogen that causes otitis 
media, community acquired pneumonia, bacteremia, pneumonia-derived sepsis (pneumonic 
sepsis) and meningitis, with significant morbidity and mortality, especially in children and 
elderly (Musher & Thorner, 2014). Pneumococcus is widely known to colonize the 
nasopharyngeal tract (Principi, Marchisio, Schito, & Mannelli, 1999). One of the most important 
virulence factors of pneumococcus is capsule (Mac & Kraus, 1950), which prevents 
complement-mediated phagocytosis. There are more than 90 capsule-based pneumococcal 
serotypes, which complicates the development of broad-spectrum vaccines. In 1928, Frederick 
Griffith discovered that a live avirulent non-capsulated (R, rough) serotype 2 pneumococcus 
bacteria co-inoculated with a heat-killed encapsulated (S, smooth) virulent type 2 strain would 
kill mice within 3-5 days, with recovery of numerous fully encapsulated type 2 pneumococcus 
from blood (homogenous type R-S conversion) (Griffith, 1928). Astonishingly, if either a heat-
killed serotype 1 or 3 S strain was used together with a live serotype 2 R strain, it caused the 
death of some mice, with recovery of serotype 1 or 3 S colonies (heterogeneous type R-S 
conversion) from these mice (Griffith, 1928). Similarly, heat-killed serotype 2 S strains can 
transform the live serotype 1 R strain into live serotype 2 S strains in vivo (Griffith, 1928). The 
aforementioned study led to the discovery of DNA as the material responsible for genetic 
transformation (Avery, Macleod, & McCarty, 1944).  
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Interestingly, multiple attempts to induce the transformation from R to S in vitro either of 
homogenous type (Griffith, 1928) or heterogeneous type R-S conversions were unsuccessful 
(Dawson, 1930a, 1930b). The first successful in vitro transformation of pneumococcus was 
achieved by growing the bacteria in the media containing the peritoneal washings of mice which 
were previously inoculated with heat-inactivated S strains intraperitoneally, but filtration of 
peritoneal washings abolished its ability cause transformation (Dawson & Sia, 1931). They 
quickly discovered that successful transformation could be achieved, without peritoneal 
washings, by simply co-culturing a mixture of S strains, blood broth, anti-R serum, and very 
importantly, relatively small amounts of R strains which the author demonstrated could account 
for the failures of many previous attempts (Dawson & Sia, 1931). Also, in all of the successful in 
vitro transformations, either serum or red blood cells were required, and plain pneumococcal 
culture broth alone was unable to facilitate genetic transformation (Dawson & Sia, 1931). The 
aforementioned stringent conditions required for in vitro competence induction contrasted 
strongly with the effortlessness pneumococcal transformation that occurred in vivo. The 
competence-favorable conditions were further examined (Austrian, 1952; Hotchkiss, 1951; 
Hotchkiss & Ephrussi-Taylor, 1951) and established that three environmental components were 
required: the agglutinating antibody, a dialyzable component of serum or serous fluids 
replaceable by pyrophosphate ion, and a serum factor present in fraction V of bovine serum 
albumin (Austrian, 1952). The agglutinating antibody might promote agglutination of 
pneumococcus since a different auto-agglutinable pneumococcal strain could be transformed 
without the use of agglutinating antibody (Austrian, 1952; Taylor, 1949). Also, it was found that 
the competence state of the pneumococcal strain R6 (a derivative of Avery strain R36A, which 
itself was derived from the Griffith D39 strain) cultured in a liquid culture medium was limited 
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to a relatively short time window. Typically, after a period of growth, some competent cells 
emerge, and impressively in a synchronous manner, most of the cells within the culture became 
competent, with the number of competent cells doubles in as little as every 3-5 minutes 
(compared to the average division time of 70-120 min) (Ottolenghi & Hotchkiss, 1962; Tomasz, 
1966). It was proposed that the rapid spread of competence might occur through cell-to-cell 
contact or mediated through “some pneumococcal product” (Tomasz & Hotchkiss, 1964). In the 
same study, by using a U-shaped glass tube divided into two compartments at the bottom by a 
0.45 um filter, when culture medium from the side with the competent activated culture were 
pressured to pass through filter into the incompetent side every 2 minutes, the incompetence cells 
became competent, albeit at a much lower frequency than by directly mixing both strains. These 
results indicated that cell-cell contact is unnecessary for competence development. Additional 
experiments showed that  the “competence factor” could not efficiently pass through the 10,000 
MWCO dialysis membrane, suggesting the activating agent was a macromolecular cell product 
(Tomasz & Hotchkiss, 1964). Interestingly, the author also stated that if the culture medium of 
competent state cells was filter sterilized or centrifuged, the competence-transferring activity was 
abolished, suggesting this activator had strong affinity for the cell surface, and only very small 
quantities might be present in competent culture at any particular time (Tomasz & Hotchkiss, 
1964).  Additionally, the competence  induction ability of the cell-free crude extract could be 
inactivated by trypsin, suggesting that the activator was a protein (Tomasz & Hotchkiss, 1964). 
In addition to the activator protein, the same study also found potential competence inhibitors. If 
the filtrate of different pneumococcal cultures was exhaustively dialyzed in distilled water, 
lyophilized, and redissolved in water, the filtrate derived from the lengthier culture time would 
show higher inhibitory effect against competence development (Tomasz & Hotchkiss, 1964).  
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Many years later, the competence activator was identified as a 17-residue peptide 
pheromone named the competence stimulating peptide (CSP) (Havarstein et al., 1995). The 
molecular mechanisms of pneumococcal competence induction are also become clear (Peterson 
et al., 2004). Recently, debates about cell-cell contact versus quorum sensing based diffusive 
CSP models of competence induction have reemerged. For the R6 strain, it has been purported 
that CSP is tightly bound to the cell surface, but for Rx strain, a different lineage of D39, CSP 
can be detected in the supernatant (Havarstein et al., 1995). The direct cell-cell contact sensing 
mechanism was examined in the pneumococcal strain R800 (a derivative of R6) and D39 
(Prudhomme et al., 2016). The authors proposed that a subpopulation of pneumococcal cells 
overexpress and transmit CSP to other cells via cell-to-cell collision mechanism, and that, CSP 
peptides were largely bound to its cell surface receptor ComD (Prudhomme et al., 2016). In 
contrast, a separate study concluded that competence induction was growth-dependent and 
operated on the classical quorum-sensing principle where threshold accumulation of secreted 
diffusive CSP peptides was required (Moreno-Gamez et al., 2017).   
When ComD is activated by CSP, it will phosphorylate the response regulator ComE, 
which turns on the expression of 24 competence “early” genes (Peterson et al., 2004). Among the 
“early” genes there are two identical copies encoding the alternative σ factor ComX, which will 
induce more than 80 “late” competence genes. Among the “late” genes, there are 14 are required 
for DNA uptake and recombination. Regardless of the competence induction models, it is widely 
accepted that, once induced, competence is a transient process that can be rapidly turned off, and 
the cells are refractory to subsequent competence induction for certain amount of time 
(Havarstein et al., 1995; Johnston, Martin, et al., 2014; Salvadori, Junges, Morrison, & Petersen, 
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2019; Tomasz, 1966). The protein responsible for competence shut down was identified to be 
DprA encoded by one of the “late” genes (Mirouze et al., 2013; Weng et al., 2013).   
The original Griffith experiment used heat-inactivated S strain to facilitate the 
transformation of the live R strains to a heterogeneous serotype S strain (for example, from 
serotype 2 R to serotype 3 S strain) during in vivo infection. However, attempts to convert live S 
strains to a heterogeneous serotype S strain (for example, from type 2 S to type 3 S strain) in vivo 
were unsuccessful (Dawson, 1930b), suggesting either encapsulated pneumococcus could not 
enter competence state as easy as the non-capsulated strains, or that, direct genetic 
transformation was hindered by capsule. Alternatively, the non-virulent R strain faced more 
selection pressure imposed by the host immune system to take up foreign DNA and convert to an 
S strain. Interestingly, it has been reported that encapsulated pneumococcal strains have 
approximately 10,000,000-fold higher transformation rate during nasopharyngeal colonization 
than during lung infection (Marks, Reddinger, & Hakansson, 2012b). The authors attributed the 
markedly increased transformation frequency to the unique environment within nasopharyngeal 
space that include lower temperature of nasal cavity, limited nutrient, and epithelial cells surface, 
all of which were shown to increase transformation efficiency (Marks et al., 2012b). 
Apart from genetic transformation, we and others have previously shown the 
pneumococcal competence system is also important for virulence (Ibrahim, Kerr, McCluskey, & 
Mitchell, 2004; Kowalko & Sebert, 2008; Lau et al., 2001; Oggioni et al., 2006; Zhu et al., 
2013). Furthermore, through thorough deletion and genetic analysis, we have found competence-
regulated virulence is independent of DNA transformation (Lin, Zhu, & Lau, 2016; Zhu & Lau, 
2013; Zhu et al., 2015). Additionally, we have generated dominant-negative competence 
stimulating peptides (dnCSPs) that competitively inhibit competence induction, reduce the 
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expression of competence-dependent virulence factors and mouse mortality (Duan, Zhu, Xu, & 
Lau, 2012; Koirala, Lin, Lau, & Tal-Gan, 2018; Zhu & Lau, 2011). Therefore, there remains a 
great interest to further characterize competence-regulated virulence. However, the 
spatiotemporal induction of competence during host infection and its importance remain 
unknown. Here, we constructed a competence-specific luciferase reporter strain to track the 




S. pneumoniae naturally develops a prolonged competent state during pneumonic sepsis  
We used the Griffith serotype 2 strain D39 to construct a reporter strain harboring a firefly 
luciferase transcriptionally fused to the promoter of the ssbB, which is one of the most highly 
induced competence gene (Peterson et al., 2004). Because the expression of ssbB-luc is 
competent state-specific, it is a good indicator for competence induction, and similar approach 
has been used in other in vitro studies (Guiral, Henard, Granadel, Martin, & Claverys, 2006; 
Mirouze et al., 2013; Prudhomme et al., 2016). We tracked the competence induction by 
measuring the luciferase activity in the D39-ssbB-luc. In vitro, after the provision of 100 ng ml-1 
CSP1, ssbB-luc expression began to increase at approximately 15 min and peaked at 30 min post 
exposure in D39 ssbB-luc. The luciferase activities reduced to 10% of its peak value at 2-hour 
post CSP1 exposure, and further decreased to 2% at 3-hour post exposure (Figure 3.1). The 
competent state failed to reoccur naturally for the remainder of the 3 hours exponential growth 
before the culture reached the stationary phase.  
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To rule out that ssbB-luc could be induced by non-competence mechanisms, we deleted 
the comCDE genes in the D39 ssbB-luc. No ssbB-luc induction was detected in all five mice 
through the entire time course of the infection, even though we found substantial number of 
pneumococcal bacteria in both mouse lungs and spleens (data not shown). Adult CD-1 mice (8-
week old males, 15 mice per cohort) were intranasally infected with 5 x 107 CFU of D39 ssbB-
luc, and competence development was tracked spatiotemporally by using an IVIS SpectrumCT 
imaging system. Excitingly, we were able to detect the expression of ssbB-luc during pneumonic 
sepsis (Figure 3.2). During the first 12 hours, there was minimal to no detectable luciferase 
signal, suggesting competence was not initiated or its induction was below the detection limit. 
After approximately 20 hours, competence induction became detectable, and the kinetics of both 
competent state and disease progression diverged into three outcomes. In the first group of 
animals (A2, A4, A6, A10, A11, A13, and A15), mice quickly progressed from pneumonia to 
bacteremia and sepsis leading to death between 34-44 hours post infection (hpi). The induction 
of the competent state, as indicated by the luminescent signal output, increased persistently 
(Figure 3.2). The second group of animals (A1, A3, A5, A12, and A14) died between 59-70-hpi. 
In these mice, the competence signal dropped or remained low before increased substantially 
during septic stage as they were approaching death (Figure 3.2). Finally, in the group 3, two mice 
(A7 and A8) showed few symptoms and no signs of competence induction, and successfully 
cleared D39 ssbB-luc from their lungs. Bacterial burden of all moribund mice reached 108 CFU 
both in the lungs and spleens. Our results indicate that the temporal induction of pneumococcal 
competence during pneumonic sepsis differs drastically from the in vitro competence induction. 
In contrast to the rapid on-and-off system in vitro, the in vivo competent state is prolonged and 
lasted for many hours. For example, the competent state in the mouse A2 lasted 12 hours (from 
74 
 
27-hpi to 39-hpi). For the mouse A5, its competence manifested in two prolonged phases that 
lasted for 32 hours, with the first wave ranged from 27-hpi to 39-hpi, to the second wave with 
signal increased steadily from 44-hpi to 59-hpi.  
 
Exogenously provided CSP1 has limited effect on the development of natural competence 
during pneumonic sepsis 
We examined whether exogenously provided CSP1 could potentiate competent induction during 
pneumonic sepsis. CD-1 mice (cohorts of 10) were infected intranasally with 1 x 108 CFU of 
D39-ssbB-luc. Infected Group 1 mice (control cohort, Bx1-Bx10) were left untreated. Group 2 
mice (By1-By10) were given CSP1 (100 ng per mouse) intranasally at 24-hpi. Group 3 mice 
(Bz1-Bz10) were given CSP1 (100 ng per mouse) intranasally at 0-hpi and 2-hpi. With the 
higher inoculum than the previous experiment, the Group 1 mouse Bx10 already entered 
competent state at 19-hpi, with three additional mice (Bx1, Bx5, Bx7) have competence turned 
on by 22-hpi (Figure 3.3A). Similarly, five mice in Group 2 had entered competent state by 23-
hpi (Figure 3.3B). Provision of CSP1 (at 24-hpi) did not induce the remaining 5 mice (By1, By2, 
By5, By6, By7) to enter competent state immediately (within 30 - 60 minutes, as observed under 
in vitro experimental conditions), with one mouse (By7) showed detectable competence 2.5 
hours after the CSP1 treatment. However, the competent state in the By7 at 26.5-hpi could be 
caused by either exogenously provided CSP1 or naturally developed on its own. The remaining 
four mice (By1, By2, By5, By6) did enter competent state between 35-hpi – 40-hpi and 
eventually progressed to sepsis. These results suggest that exogenously provided CSP1 at 100 ng 
was inadequate to drive competence induction in vivo.  
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It was possible that the prolonged competence state we have observed thus far was 
caused by the extended stability of luciferase expressed in D39-ssbB-luc. To address this 
potential experimental artifact, in the Group 3 mice, we increased the dosing frequency of 
exogenous CSP1 at both Time 0-hpi and at 2-hpi with the intention to artificially induce the 
competent state, and observe the stability of luciferase. After the intranasal inoculation of the 
first dose of CSP1 (at 0-hpi), no competence signals were detected within 1 hour (Figure 3.3C). 
Of the 10 mice, only Bz2 and Bz4 developed low levels competence as indicated by low 
luminescence output. At two hours post infection, a second dose of CSP1 was intranasally 
administered to all 10 mice (Bz1-Bz10). All 10 mice developed low but detectable competence 
signal in their lungs. However, the competent state was almost completely turned off by 6-hpi. 
Similar to the mouse cohorts in Figure 3.3A and 3.3B, competence state could be detected and 
sustained beginning around 20-hpi, with rapid (Bz1, Bz5, Bz6, Bz7, Bz10) or slower (Bz2, Bz3, 
Bz4, Bz8, Bz9) progression to pneumonic sepsis and death as described in Figure 3.2. These 
results have two important implications. Firstly, luciferase expressed by the D39 ssbB-luc did not 
contribute to the “artificial” prolonged competence induction in vivo because its activities did not 
last beyond 6 hours (Figure 3.3C) but the naturally-developed competent state persisted for a 
minimum of 12 hours, and in majority cases until death during pneumonic sepsis (Figure 3.2- 
3.5). Secondly, D39-ssbB-luc bacteria were not ready to enter competent state until 
approximately 20-hpi, suggesting natural competence development requires the pneumococcus 
to adapt to the host environment, which took approximately 20 hours. Additionally, the 
competence signal in mice with more prolonged infection ebb and flow (e.g., Figure 3.2, mice 




Lung bacterial burden is not a key determinant for natural competence development 
during pneumonic sepsis  
Traditional model of quorum sensing is based on bacterial population and signaling molecules 
(e.g., homoserine lactones, CSP) reaching a threshold concentration (Moreno-Gamez et al., 
2017). Because competence induction might be correlated with the bacterial burden, we 
examined the number of D39-ssbB-luc at the early stages of inoculation. In this experiment, 40 
CD-1 mice were intranasally inoculated with 5 x 107 CFU of D39-ssbB-luc strain. The first 10 
mice were immediately sacrificed (within 10 minutes) and the lungs (with trachea removed) 
were homogenized. The inoculum in each mouse was similar, and enumerated to be ~2 x 107 
CFU (Figure 3.4A, Time 0), indicating efficient delivery of D39-ssbB-luc bacteria into mouse 
lungs. Therefore, the variation in the time of death (from 30 hours to more than 90 hours) was 
likely a result of differences (e.g., genetics, immune capacity) in individual mice. At 12-hpi, 
another 10 mice were euthanized, and the D39-ssbB-luc burden in these lungs decreased slightly 
(Figure 3.4A). At 24 hpi, 13/20 remaining mice had entered the competent state (Figure 3.4C).  
These mice were sacrificed, and the D39-ssbB-luc burden in both lungs and spleens were 
enumerated. In the mouse lungs which D39-ssbB-luc had entered the competent state, the 
average bacterial burden was 8 x 107 CFUs. In contrast, in mouse lungs which D39-ssbB-luc 
bacteria had not entered the competent state, the average pneumococcal burden was 1 x 107 
CFUs. However, the difference in pneumococcal burden between the two groups of animals was 
not significant (t test p = 0.15) (Figure 3.4D). It was worth noting that the mice that had not 
entered the competent state at the moment they were euthanized might have competence turned 
on shortly after, but we would not be able to know. Similar to the lungs, at 24-hpi, the difference 
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in bacterial burden between the competent versus non-competent mice was also not statistically 
significant (t test p = 0.12) (Figure 3.4E).  
To compare the total bacterial burden in lungs and spleens more broadly, we also 
included the endpoint CFUs of moribund mice from the first IVIS experiment (Figure 3.2). The 
results revealed that the D39-ssbB-luc burden started to increase in the lungs at approximately 
24-hpi, which at this point, the competence system was activated to induce the expression of 
competence-specific allolytic hydrolases LytA, CbpD and CibAB (Zhu et al., 2015) that released 
the pore forming toxin pneumolysin to breach the alveolar-capillary barrier, which enabled 
pneumococcus to invade the spread systemically. Eventually, both the lung and spleen reached 
high pneumococcal burden of greater than 108 CFU per organ (Figure 3.4A and B). Collectively, 
these results suggest that the initial competence induction at around 24-hpi is not exclusively 
dependent on the number of pneumococcal cells because the D39-ssbB-luc burden decreased 
slightly from Time 0-hpi to 24-hpi.  However, attainment of the competent state confers an 
advantage and signals a turning point in the pathogenesis of pneumonic sepsis that likely impairs 
host organs and immune dysfunction that allow further pneumococcal growth toward the 
endpoint and stronger and prolonged competent state. 
 
Competence induction during pneumonic sepsis is not significantly dependent on the 
concentration of pneumococcal inoculum  
To examine whether pneumococcal inoculum concentration plays a role in the temporal 
induction of competent state during pneumonic sepsis, three different doses of D39 ssbB-luc 
were intranasally administered into mice. Group 1 mice (Cx1 - Cx5) received 5 x 107 CFU; 
Group 2 mice (Cy1 - Cy5) received 5 x 106 CFU; and Group 3 mice (Cz1 - Cz5) received 1 x 106 
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CFU. A major observable difference among the three groups of infected mice (Figure 3.5, A-C), 
was those infected with higher dose of D39 ssbB-luc died slightly faster. However, regardless of 
inoculum levels, some of the mice from all three groups began to enter the competent state by 
25-hpi, and most of the mice showed detectable competence induction by 28-hpi. These results 
suggest that different bacterial inoculum at the concentrations we tested did not significantly 
affect the timing of the initial natural competence development. Additionally, the prolonged 
competent state during pneumonic sepsis (e.g., Mouse Cy2, the luciferase signal increased from 
21-hpi to 42-hpi) could not be explained by the short burst in vitro competence induction model. 
Our observation suggest that during pneumonic sepsis, the pneumococcal competence induction 
is more similar to the proposed in vitro growth time-dependent model (Prudhomme et al., 2016) 
rather than the in vitro quorum-sensing based model (Moreno-Gamez et al., 2017).   
 
DprA is highly expressed but unable to turn off the competent state during pneumonic 
sepsis 
The DprA protein is encoded by a ComX-regulated “late” competence gene that has been 
reported to turn off the competent state in vitro (Weng et al., 2013). Once induced, DprA 
dissociates the phosphorylated ComE dimer to interrupt the competence induction regulated by 
the ComCDE positive feedback loop (Mirouze et al., 2013).  Under in vitro conditions, it has 
been reported that DprA is highly expressed and stable (Johnston et al., 2018), and capable of 
keeping the “competence off” pneumococcal cells refractory to subsequent induction by CSP 
(Weyder et al., 2018). Deletion of the dprA gene confers elevated and prolonged the expression 
of “late” competence genes (Johnston et al., 2018; Mirouze et al., 2013; Weng et al., 2013). We 
examined the expression profile of DprA during the extended competent state in vivo.  Fifteen 
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mice (D1 -D15) were intranasally-infected with 5 x 107 CFU D39 dprA-luc strains (Figure 3.6). 
The spatiotemporal expression of DprA mirrored that of D39 ssbB-luc. Even towards the 
endpoint, DprA was still highly expressed but unable to shut off the competent state. These 
results, again, indicate that the spatiotemporal regulation of in vivo competence induction and 
maintenance of the competent state are not a simple replica of in vitro culture conditions.   
 
Natural competence development is detectable in other clinical strains of S. pneumoniae 
during pneumonic sepsis 
To examine whether the ability to naturally undergo competent state in vivo is conserved in other 
clinical pneumococcal serotypes, we constructed the ssbB-luc reporter in the serotype 4 strain 
TIGR4 and the serotype 3 strain 0100993 (Lau et al., 2001). CD-1 mice (10 per cohort) were 
intranasally infected with 2 x 107 CFU of TIGR4 ssbB-luc (Figure 3.7A) and 0100993 ssbB-luc 
(Figure 3.7B), respectively. Importantly, both strains developed natural competence during in 
vivo infection. In the TIGR4 ssbB-luc infected cohort, 8/10 mice developed in vivo competence 
(Figure 3.7A). Mouse Ex10 died without entering the competent state, with low bacterial burdens 
of 2 x 105 CFU in the lung and 5 x 103 CFU in the spleen, compared to mouse Ex2 which had a 
bacterial burden of 3 x 108 CFU from the lung and 3 x 107 from the spleen (Figure 3.7A); and 
mouse Ex7 which had a bacterial burden of 1x107 CFU in the lung and 5 x 106 in spleen (Figure 
3.7A). These results suggest that mouse Ex10 probably died too before pneumococcal cells were 
to reach enough population density to attain competent state. For mouse Ex1, the competent state 
lasted for 17 hours (35-hpi to 52-hpi) whereas for mouse Ex3, the competent state lasted for at 
least 21 hours (102-hpi to 133-hpi) (Figure 3.7A). Mouse Ex6 never entered the competent state, 
and was euthanized at the end of the time course of the entire experiment. Very low 
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pneumococcal burden was detected in the lung, with no bacteria detected in the spleen. A main 
feature in the TIGR4 ssbB-luc infected mice was that natural competence seemed to develop 
closed to the endpoint and did not necessarily begin in the lung (Figure 3.7A, mice Ex7 and 
Ex9).  For the 0100993 ssbB-luc strain, naturally developed competent state was also detected 
during lung infection. For examples, mouse Ey2, the competent state lasted for 13 hours (25-hpi 
to 38-hpi) whereas for mouse Ey10, the competent state lasted for at least 30 hours (63-hpi to 93-
hpi) (Figure 3.7B). Collectively these results suggest that similar to D39, both TIGR4 ssbB-luc 
and 0100993 ssbB-luc develop natural competence that persists for a prolonged period of time.  
 
Pneumococcal-free plasma from systemically-infected competence-positive mice failed to 
induce competent state in vitro 
As previously mentioned, recently Prudhomme et al refuted the widely-held opinion that 
competence in S. pneumoniae is a bona-fide quorum-sensing mechanism which depends on the 
threshold accumulation of the freely diffusible CSP. The authors provided evidence supporting 
the growth time-dependent, cell-to-cell contact model, and confirmed that CSP peptides were not 
freely diffusing into the supernatant of competent pneumococcal culture, but rather, retained on 
the cell surface by ComD (Prudhomme et al., 2016). These results are in agreement with the 
earlier published studies showing that CSP is tightly bound to the cell surface of the D39-derived 
R6 strain (Havarstein et al., 1995; Tomasz & Hotchkiss, 1964). However, the model proposed by 
Prudhomme et al has been challenged (Moreno-Gamez et al., 2017). Because the competent state 
is far more complex during pneumonic sepsis, we sought to determine whether freely diffusible 
CSP peptides (a major claim for bona fide quorum-sensing model) serve as the signal that 
maintain the prolonged and high levels competence levels during pneumonic sepsis. If 
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competence induction is dependent on CSP concentration, then in the systemically infected mice 
with high levels of competent state, there should be more CSP in the blood which could induce 
the development of competence in fresh growing non-competent D39 cells in vitro. Blood was 
isolated from mice with systemically competent pneumococcus (e.g., Figure 3.5A, mouse Cx1 at 
52-hpi), and examined for its ability to induce competence of a Recipient Reporter (RR) strain, 
ΔdprA ssb-luc. The ΔdprA ssb-luc lacks the dprA, which is unable to shut off competence in 
vitro, and therefore, produces a more robust luminescent signal upon competence induction. 
Anti-coagulated whole blood from individual mouse, as well as the bacterial-free plasma from 
the same whole blood, which was prepared by centrifugation and its supernatant filtered through 
a 0.22 µm cellulose acetate filtration membrane with very low protein binding affinity, were 
serially 2-fold diluted and added to the freshly grown ΔdprA ssb-luc. Because there were D39 
ssbB-luc bacteria inside the mouse blood, and their competence induction would also generate 
bioluminescent, the whole blood was also mixed with THY without the ΔdprA ssb-luc and used 
as basal control. Compared to the control group (Figure 3.8C), when the whole blood was mixed 
with ΔdprA ssb-luc (Figure 3.8B), the bioluminescent signal was much stronger than the control 
group, suggesting the RR strain were induced to enter into the competence state (Figure 3.8). 
Interestingly, the pneumococcal-free plasma component failed to induce the ΔdprA ssb-luc, even 
with only a 2-fold dilution (Figure 3.8A). These results suggest the D39 ssbB-luc bacteria in the 
blood of the infected mice have high ability to induce competence. In contrast, the CSP 
concentration in the bacterial-free plasma was inadequate to induce competence in the ΔdprA-
ssb-luc. Furthermore, the in vivo competence induction of S. pneumoniae D39 strain during 
bacteremia/sepsis is likely mediated through a cell-cell contact mechanism, rather than the freely 




When competence was initially discovered in S. pneumoniae, the were limited 
indicators/markers for tracking the competence development, most of them were based on the 
recovery of transformants expressing capsules of different serotype (Dawson & Sia, 1931; 
Griffith, 1928), or subsequently, antibiotic resistance genes (Tomasz & Hotchkiss, 1964). After 
the discovery of CSP (Havarstein et al., 1995), various reporter constructs, including lacZ, and 
firefly luciferase luc and bacterial luciferase lux were fused to the promoter of competence-
regulated genes to track the temporal induction of competence in vitro (M. Berge, Moscoso, 
Prudhomme, Martin, & Claverys, 2002; Chastanet, Prudhomme, Claverys, & Msadek, 2001). 
Most of the competence pneumococcus reporter strains were constructed in the highly 
competent, capsule deficient lineages, including the R6 and R6-derived R800 (Gagne et al., 
2013; Mirouze et al., 2013; Stevens et al., 2011). The biology of competence development in 
vitro has been extensively studied in these highly permissive strains, which has led to detailed 
molecular characterization of mechanisms underlying competence system (M. J. Berge et al., 
2017; Guiral et al., 2006; Mirouze et al., 2013; Stevens et al., 2011). However, nearly all studies 
have been performed in vitro with pneumococcus growing in artificially-formulated liquid 
culture medium or on agar surface of these media, the most common of which, is the competence 
permissive C+Y medium (C = competence, and Y = yeast extract) (Stevens et al., 2011). 
Moreover, these permissive reporter strains were used to study the induction of competence 
when pneumococcal cells were under selective pressure during exposure to antibiotics 
(Domenech, Slager, & Veening, 2018; Prudhomme et al., 2006). To date, only a handful of 
competence studies have been performed in the encapsulated strains such as D39 (Domenech et 
al., 2018; Kjos et al., 2016; Kowalko & Sebert, 2008; Zhu & Lau, 2011; Zhu et al., 2015).  
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Initially, we constructed a bioluminescent reporter strain D39 ssbB-luxABCDE with 
modified ribosomal binding site for Gram-positive bacteria (Francis et al., 2000), which would 
not require luciferin injection, and therefore, would be more convenient for live imaging of 
competence induction during pneumonic sepsis. However, the signal strength from the D39 
ssbB-luxABCDE strain was too low in vivo when compared to the D39 ssbB-luc, even though the 
bioluminescent signals from both strains were comparable in vitro (see Chapter 2). Additionally, 
we constructed various red-shifted florescent protein reporters (mCherry, iRFP720, and 
Katushka2S) to the promoter of a constitutively expressed pneumococcal gene rplL, in an 
attempt to create a dual reporter strain that, together with ssbB-luc luminescent, could be used to 
track both competence induction and the bacterial burden in vivo. Despite employing 
modifications including codon optimization and introduction of iTag (Henriques, Catalao, 
Figueiredo, Gomes, & Filipe, 2013), the expressed fluorescence was only observable under a 
fluorescence microscope but not under an IVIS imaging system. Most likely, this was due to the 
low expression from our single copy genome insertion strategy as compared to high copy 
number plasmid expression strategy employed by others (Henriques et al., 2013; Jim et al., 2016; 
Keller, Rueff, Kurushima, & Veening, 2019; Kjos et al., 2015).  
 
Additional factors are responsible persistent competent state in vivo? 
Not all pneumococcal culture media is permissive for competence. The commonly used Todd-
Hewitt broth is nutrient rich, which contains casein digest and beef heart infusion supplemented 
with yeast extract (THY), and readily supports the growth of S. pneumoniae. But D39 strain is 
not able to spontaneously enter the competence state when cultured in THY. As previously 
discussed, the most commonly used competence permissive C+Y medium (Stevens et al., 2011) 
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contains defined amino acids, BSA and other nutrients, similar to the early findings that BSA or 
blood is required for cells to enter competence state (Tomasz, 1966). The earliest findings 
suggested that bodily fluids, including peritoneal washings and blood, provided better conditions 
for competence induction (Dawson & Sia, 1931). Additionally, competence inhibiting factors 
were found in pneumococcal culture medium (Tomasz, 1966; Tomasz & Hotchkiss, 1964). This 
inhibiting factor, when added to competent state pneumococcus, greatly decreased 
transformation rate. It survived sterile filtration, dialysis, and lyophilization (Tomasz & 
Hotchkiss, 1964). By diluting the culture medium continuously, competence could be maintained 
at high levels, likely due to the dilution of the inhibiting factor. One potential pneumococcal 
factor responsible for this phenomenon is the cell surface protease HtrA (Cassone, Gagne, 
Spruce, Seeholzer, & Sebert, 2012). HtrA is a 70-kDa protein that forms multimers. Its strong 
proteolytic activity can be detected in the supernatant of culture medium. HtrA degrades CSP on 
pneumococcal cell surface, but the proteolytic activity can be blocked by BSA (Cassone et al., 
2012). When pneumococcus is cultured in medium without BSA such as Todd-Hewitt broth, the 
proteolytic activity of HtrA inhibits the bacterium from entering into the competent state for 
strains that either have surface bound CSP or diffusive CSP. It is possible that the rich protein 
contents in body fluids (e.g., serum albumin) may act like BSA in the C+Y medium to allow 
CSP to accumulate, enabling the onset of spontaneous competent state.  
Although the onset of spontaneous competence state could potentially be explained by 
the role of HtrA, the sustained and persistent competence state in vivo is unlikely related to the 
protease. If BSA or other proteins in body fluids are able to inhibit HtrA and allow CSP to 
accumulate and trigger competence, what factor(s) then, after the initiation of competence, lead 
to two distinct paths that allow continuously competent state in vivo but rapid competence shut 
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off in vitro? While DprA by itself was sufficient for competence shut down in vitro, its strong 
expression was unable to turn off the competent state during pneumonic sepsis. Based on these 
results, it is possible that an additional factor may work together with DprA to efficiently shut 
down competence in vitro, but this factor is not functional in vivo. Evidence supporting the 
existence of second inhibitory factor is supported by the observation in a protease-deficient strain 
that allows extended presence of competence activator ComX, the expression of “late” 
competence genes still decreases (Weng et al., 2013). These authors proposed that an additional 
DprA-independent ComX-proteolytic factor is present and capable of shutting down the “late” 
competence gene expression even in the presence of ComX, and that expression of this factor 
may not be controlled by CSP signaling but rather directly or indirectly controlled by ComX (or 
ComW). Additionally, it is possible that the second inhibitor maybe linked to extracellular 
factors that can be efficiently coupled to in vivo growth or continuously diluted in the culture 
medium (which is also a characteristic of in vivo growth). Therefore, if the extracellular factor 
linked to intracellular factor generated by ComX, is efficiently removed, the function of ComX 
on inducing “late” gene expression may last much longer. 
 
Cell-cell direct contact or bona fide quorum-sensing? 
Our in vivo cell surface ComD-bound CSP model of competence induction is in agreement with 
earlier (Havarstein et al., 1995; Tomasz & Hotchkiss, 1964) and more recent (Prudhomme et al., 
2016) studies. The cell-free plasma experiment suggests freely diffusible CSP was only present 
in minimal amount in blood, and was ineffective in driving the non-competent pneumococcal 
cells into the competent state. On the contrary, competent state pneumococcal cells in the blood 
were able to immediately induce competence in non-competent recipient cells, further supporting 
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the cell-cell direct contact model. When bacterial numbers begin to increase after 24-hpi, newly 
replicated cells are more likely available to carry on the competence signal, which may allow the 
spread of cell-cell contact signals and prolonged the competent state. It is worth noting that we 
have not attempted to identify the presence of free CSP in the lung. Unlike the much simpler 
methods of recovery and separation competent pneumococcus and plasma from the whole blood, 
there is no good method to allow timely recovery of the competent pneumococcus, and then co-
culture with non-competent recipient pneumococcus without exerting strong mechanical force 
and diluting the competent bacteria (e.g., during bronchoalveolar lavage with PBS).  
 
Physiological adaptation to host environment and local cell density both contribute to 
competence initiation in pneumococcus 
At early stages of lung infection, pneumococcal bacterial concentrations seem to be playing a 
minimal role in competence induction. For example, there was consistently more pneumococcal 
burden between 0-hpi to 12-hpi than at 24-hpi, a time point when the infecting pneumococcal 
bacteria finally enter the competent state (Figure 3.4A). These observations are further supported 
by the fact that provision of two doses of CSP in early stages of infection (0-hpi and 2-hpi) could 
only stimulate a transient, unsustainable competent state. These results suggest that 
pneumococcus D39 strain at the concentrations between 106 - 108 CFUs need approximately 20 
hours to adapt and establish infection before the development of natural competence. We 
hypothesize that during lung infection, both the pneumococcal conditions and local bacterial 
density are important for competence development. When bacteria have adapted to the host 
environment and started multiplying, the local pneumococcal number increases and their 
physiological condition changes, which leads to propagation of CSP signal between cells and 
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initiation of induction of natural competence. When pneumococcal inoculum was increased (e.g., 
from 1 x 106 CFU to 5 x 107 CFU), D39-ssbB-luc did not enter the competent state earlier. This 
observation strongly suggests that the physiological adaptation of pneumococcus to the lung 
environment is at a higher hierarchical order that overrides the importance of higher local 
concentration of pneumococcal cells. However, localized pneumococcal concentration may also 
be important for competence induction. The spread of competence signal between alveoli, either 
by CSP diffusion or direct cell-cell contact, did not appear to be efficient because we often 
observed competence signal reaching high levels locally rather than evenly distributed across the 
entire lung (Figure 3.2; Figure 3.3; Figure 3.5 are presented with adjusted scale bar, so the 
feature is not obvious, but such features can be seen in Figure 3.4C). Additionally, when 
comparing the onset of competence in the Figure 3.3C (mice Bz6 and Bz7), the competence 
signal was more restricted/localized at 2.5-hpi than the broadly distributed at 25-hpi. These 
results suggest the freshly inoculated D39 ssbB-luc were not evenly dispersed, only some 
pockets of the inoculated bacteria managed to adapt to the new host environment, avoided host 
killing and multiplied and achieved locally required density enter the competent state, which 
eventually propagated through the entire lung. 
 
Low transformation rate in bacteremia/sepsis versus high transformation rate in 
nasopharyngeal colonization 
Our study indicates that the competence system is readily activated at ~ 20 – 24-hpi. 
Interestingly prior studies by us (Zhu & Lau, 2011) and others (Dawson, 1930b; Marks, 
Reddinger, & Hakansson, 2012a) have demonstrated that the frequency of genetic transformation 
in the encapsulated pneumococcus during acute pneumonia or bacteremia (through 
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intraperitoneal injection), is very low. In contrast, the original genetic transformation studies 
with dead encapsulated strains into capsule-deficient rough strains occurred at higher frequency 
(Dawson & Sia, 1931; Griffith, 1928). Capsule is a thick polysaccharide layer covering the cell 
surface, which can be a physical barrier for DNA uptake (Marks et al., 2012a; Ravin, 1959; 
Yother, McDaniel, & Briles, 1986), and has been proven to reduce transformation rate both in 
vitro and in vivo. However, analysis of several recently sequenced  pneumococcal genomes 
suggest that, strains with capsules tend to have more frequent genetic exchanges within the 
genome (Chaguza et al., 2016; Rendueles, de Sousa, Bernheim, Touchon, & Rocha, 2018), and 
there is a positive correlation between capsule size and carriage duration with recombination 
events (Chaguza et al., 2016), and capsules encoding locus itself is an evolutionary hotspot 
(Mostowy et al., 2017). These results suggest that encapsulated pneumococcal strains are more 
likely to adapt and survive longer as carriage, which allow for higher chances of recombination 
events and increased genomic diversity. For example, the clinical serotype 3 strain 0100993 
which is heavily encapsulated, showed detectable competence induction in nasal pharyngeal 
colonization (e.g., Figure 3.7B, mice Ey2, Ey3, Ey4, Ey7). Similarly, the encapsulated serotype 2 
strain D39 also showed similar patterns (e.g., Figure 3.5B, mice Cy2, Cy4). 
Additional contributing factor to genetic transformation is the availability of donor DNA. 
In a previously published gene transfer study during nasopharyngeal colonization, a mixture of 5 
x 106 CFUs of two D39 derivatives each harboring a different antibiotic resistance marker were 
delivered intranasally. At 48 post-colonization, the authors could recover a total of 1 x 105 CFU 
pneumococcal cells, of which, 8 x 103 CFU were recombinants (Marks et al., 2012a). The 
reduced total recoverable bacteria might indicate the rich availability of pneumococcal genomic 
DNA released by dead cells within a more confined space. In contrast, other host compartments 
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such as the lung, intraperitoneal cavity and blood circulation system are larger in volume, 
therefore, reduces the availability of DNA. Finally, the ability of encapsulated pneumococcal 
strains to better survive the host assault will result in lesser amount of donor DNA available for 
genetic transformation. Collectively, the aforementioned discussion could explain the 
discrepancy between a highly expressed competence system and extremely low transformation 
rate in encapsulated strains (e.g., D39) during host infection.  
 
The benefits of competence induction during pneumonic sepsis 
What benefits do the competence induction confers during pneumonic sepsis? As previously 
published, competence induction in S. pneumoniae causes the upregulation of around one 
hundred genes (Peterson et al., 2004). There have been much debate about the true benefit of this 
costly multi-faceted cellular process (Johnston, Martin, et al., 2014), including genomic fitness 
versus plasticity (Engelmoer, Donaldson, & Rozen, 2013) and stress response (Claverys et al., 
2006; Prudhomme et al., 2006). Indeed, the competence-regulated genes required for genetic 
transformation are among the most highly expressed of all pneumococcal genes. However, 
among the genes upregulated during competence induction, at least 70 genes are not required for 
transformation (Peterson et al., 2004). Natural competence system has long been implicated to be 
involved in virulence (Bartilson et al., 2001; Lau et al., 2001). Previous studies by our lab have 
shown that the expression of competence-dependent allolysis factors including LytA, CbpD and 
CibAB benefit both acute pneumonia and bacteremia infections (Lin et al., 2016; Zhu et al., 
2015). These allolytic factors contribute to a process called fratricide, which increase DNA 
availability by killing a subpopulation of non-competent pneumococcus (Claverys et al., 2007; 
Eldholm et al., 2009; Eldholm et al., 2010; Havarstein et al., 2006; Steinmoen et al., 2002; 
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Straume et al., 2017). Fratricide was shown to be important for transformation in biofilms (Wei 
& Havarstein, 2012), which has been proposed to resemble nasopharyngeal colonization (Marks 
et al., 2012a). However, because the transformation rate is low during invasive infection (e.g., 
pneumonic sepsis), it is less likely fratricide-mediated DNA release is beneficiary. Instead, it is 
more likely that the release of pneumolysin and proinflammatory cell wall components by LytA, 
CbpD and CibAB during the prolonged competent state resulting in the disruption of alveolar-
capillary barrier, resulting in pneumonic sepsis, multiorgan dysfunction and eventual death in the 
mice (Zhu et al., 2015). 
 
3.5 MATERIALS AND METHODS 
Bacterial culture conditions 
S. pneumoniae strains D39, TIGR4 and 00100993 were cultured in the THY medium (Becton 
Dickinson, NJ). Because D39 cultured in the THY form long chains, CFU determination tends to 
underestimate the actual number cells inoculated into mice. To reduce the chain length, D39 was 
subcultured from an OD600 0.2 THY culture previously started from a freshly picked single 
colony, by spreading on the Columbia agar supplied with sheep blood (R01217, Thermo 
Scientific, MA) for 5 hours. Microscopic examination indicated that most bacteria were 
diplococci, which resembled more natural state for pneumococcal morphology during host 
infection. Bacteria were washed off from the agar surface with saline, and centrifuged at 3000 x 







Male CD-1 mice (7-week old) were anesthetized with isoflurane and intranasally administrated 
60 µl pneumococcal inoculum. The exact inoculum number was determined by serial dilution 
plating onto THY agar plates. At designated times or at moribund, mice were euthanized, and 
their lungs or spleens harvested, homogenized and enumerated for bacterial burden. Mouse 
studies were performed in strict accordance with the recommendations in the Guide for the Care 
and Use of Laboratory Animals of the National Institutes of Health. The protocols were 
approved by the Institutional Animal Care and Use Committee (IACUC) at the University of 
Illinois at Urbana-Champaign. 
 
In vivo imaging 
Infected mice were anesthetized in an induction chamber using 3% isoflurane, and were 
subcutaneously administered with 100 mg kg-1 body weight of D-luciferin Potassium (LUCK, 
GoldBio, MO) dissolved in DPBS (21031CV, Corning, NY), 15 min before imaging. 
Anesthetized mice were imaged with the IVIS SpectrumCT (PerkinElmer, MA). Luminescent 
images were acquired using the following settings: binning factor as 8, f number as 1, field of 
view as 25.4, and luminescent exposure time for 60 seconds. Images were analyzed by Living 
Image® Software (PerkinElmer, MA). 
 
In vitro luciferase assays 
 Pneumococcal strains harboring competence-regulated firefly luciferase (luc) reporters were 
cultured in 96-well plate at 37oC in a Wallac Victor 2 Multilabel Counter (PerkinElmer, MA). D-
Luciferin Potassium (GoldBio, MO) was added to the culture to a final concentration of 0.65 
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mM. Optical density at 495 nm (for growth) and the luminescence output were both 
simultaneously measured. To induce competence, CSP1 was added to the culture medium to a 
final concentration of 100 ng ml-1.   
 
Competence induction in whole blood and pneumococcal-free plasma  
Mouse infected with D39 ssbB-luc was monitored for competence induction using the IVIS 
SpectrumCT instrument. When the acute lung infection had progressed to the pneumonic sepsis 
stage where competent pneumococcal cells had systemically spread, whole blood was drawn 
from each mouse into a heparinized tube (367871, BD) with shaking. Blood samples were 
immediately processed. A portion of whole blood was saved for later dilution, while the 
remaining portion was first centrifuged at 1000 x g for 5 minutes to remove eukaryotic cells, and 
upper level plasma was centrifuged at 12,000 x g for 5 minutes to further pellet pneumococcus. 
The cell-free plasma was obtained by centrifugation of the supernatant through a 0.22 µm filter 
(Costar 8160, Corning, NY) at 12,000 x g for 5 minutes. Whole blood and the cell-free plasma 
were serial two-fold diluted by using the THY medium. One hundred microliter of each sample 
(diluted or undiluted) was mixed with equal volume of THY medium (containing 1.3 mM D-
Luciferin Potassium) with or without the Recipient Reporter (RR) strain ΔdprA ssb-luc. The 
ΔdprA ssb-luc was cultured in THY medium from a stock for 4-5 hours at 37 ˚C and used when 
the density reached OD600 0.1-0.3, with no further dilution. Luminescent was recorded.  
 
Statistical analyses  
Quantitative data were expressed as the mean ± standard deviation. Statistical significance of 
was compared using the GraphPad Prism statistical software package. Statistical differences 
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among the group were determined by using the one-way ANOVA analysis. Statistical difference 
when comparing between two samples within each group was determined by the unpaired 





Figure 3.1. Provision of the competence stimulating peptide 1 (CSP1) induces a transient 
competent state under in vitro culture conditions. 
A. Schematic drawing of the firefly luciferase gene luc translationally-fused to the “late” 
competence gene ssbB (ssbB-luc) and bioluminescent emitted when pneumococcus cells enter 
competence state. B. When cultured in Todd-Hewitt Broth supplemented with 0.5% Yeast 
Extract (THY), D39 ssbB-luc strain failed to naturally enter the competence state. C. CSP1 (100 
ng ml-1) was added at Time 0 and bioluminescent was monitored for within 480 minutes. The 


















Figure 3.2. (cont.) 
Mice were intranasally infected with 5x107 CFUs of the D39 ssbB-luc and tracked for up to 68 
hours post infection (hpi). Infected mice were imaged by using an IVIS SpectrumCT imaging 





Figure 3.3 Exogenously provided CSP1 has limited effect on the development of natural 















Figure 3.3 (cont.) 
Mice were inoculated with 108 CFU of D39 ssbB-luc intranasally. A. Naturally-developed 
competent state in mice Bx1 - Bx10 in the absence of exogenously provided CSP1. B. Mice By1 
- By10 were intranasally-instilled 100 ng CSP1 at 24 hpi. C. Mice Bz1 - Bz10 were intranasally-
instilled 100 ng CSP1 (100 ng per mouse) at Time 0-hpi and 2-hpi. Infected mice were imaged 
by using the IVIS SpectrumCT instrument after subcutaneous injection of the D-luciferin 




Figure 3.4 Pneumococcal burden does not affect the timing of naturally-developed 
competence.  
Forty male CD-1 mice (7-week old) were inoculated with 5 x 107 CFU of D39 ssbB-luc 
intranasally. Infected mice (n=10) were sacrificed immediately or at 12-hpi for determination of 
lung bacterial burden (A, Time 0-hpi, 12-hpi). At 24 hpi, competence induction were determined 
by IVIS imaging in the remaining mice (C) Following imaging, mice were euthanized and 
bacterial burdens in both lungs (D) and spleens (E) from competence versus non-competent mice 
were compared. Total bacterial burdens from lungs and spleens at 24-hpi were included in A and 
B, as well as the endpoint bacterial burden from lungs and spleens in mice derived from Figure 
3.2. Unpaired Student’s t-test was used to compare statistical differences between two samples, 
















Figure 3.5 (cont.) 
Three different doses of inoculum were intranasally administrated to CD-1 mice (n=5 per 
cohort). A.  Group 1 receives 5 x 107 CFU of D39 ssbB-luc.  B. Group 2 receives 5 x 106 CFU of 
D39 ssbB-luc.  C. Group 3 receives 1 x 106 CFU of D39 ssbB-luc. Infected mice were imaged by 
using the IVIS SpectrumCT instrument after subcutaneous injection of the D-luciferin Potassium 











Figure 3.6 (cont.) 
Fifteen mice were intranasally-infected with 5 x 107 CFU of D39-derived reporter strain (D39 
dprA-luc) which the firefly luciferase gene (luc) translationally fused to the dprA gene. DprA 
expression was monitored by using the IVIS SpectrumCT imaging system after subcutaneous 







Figure 3.7 Additional clinical strains of S. pneumoniae with different serotype develop 






Figure 3.7 (cont.) 
CD-1 mice (10 per cohort) were intranasally infected with 2 x 107 CFU of the serotype 4 strain 
TIGR4 ssbB-luc (A) and the serotype 3 strain 0100993 ssbB-luc (B), respectively. Infected mice 
were imaged by using the IVIS SpectrumCT imaging system after subcutaneous injection of the 




Figure 3.8 Whole blood isolated from mice infected with competent state pneumococci 
induces competence development in non-competent recipient bacteria. 
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Figure 3.8 (cont.) 
Mice were infected 5 x 107 CFU of D39 ssbB-luc. When bioluminescent signal detected the IVIS 
SpectrumCT imaging system indicated that competent state pneumococci had systemically 
spread to the entire circulatory system, whole blood was drawn from these mice. Cell free 
plasma samples were acquired by centrifuging a portion of the whole blood to pellet the host 
cells, and the supernatant passed through a 0.22 µm filter to eliminate all bacteria. This cell-free 
plasma was serially 2-fold diluted with the THY medium, and then mixed with the Recipient 
Reporter (RR) strain ΔdprA ssb-luc (A). Whole blood were also serial 2-fold diluted and then 
mixed with THY with (B) or without (C) RR strain. Induction of competence was monitored by 




CHAPTER 4: PROBING THE VITAL ROLES OF SMALL CYTOPLASMIC RNA IN 
GENETIC COMPETENCE OF STREPTOCOCCUS PNEUMONIAE 
4.1 ABSTRACT 
The competence system of the Streptococcus pneumoniae (pneumococcus), which is involved in 
the DNA uptake and recombination, is important for the pneumococcal genetic diversity. The 
small cytoplasmic RNA (scRNA) is a component of the signal recognition particle (SRP) that 
associates with Ffh and FtsY, and together, the protein complex delivers nascent peptide to the 
Sec translocon for membrane targeting or secretion. We found that deletion of any of the SRP 
components in S. pneumoniae caused the loss of genetic transformation during competence 
induction. Proteomic analysis of membrane proteins revealed that the scRNA mutant has reduced 
amount of proteins that that are required to form the DNA uptake apparatus, suggesting the loss 
of transformation ability was caused by impaired DNA uptake function. The DNA uptake 
function was linked to the scRNA helix IV structure. Interestingly, ∆ffh and ∆ftsY were unable to 
grow on Todd-Hewitt Agar but could be rescued by adding free amino acids. The different 
nutrient-deficiency phenotype between ∆ffh and ∆ftsY versus ∆scRNA suggests that Ffh and FtsY 
may be partially functional in the absence of scRNA. The insertase YidC2, which could rescue 
some of the SRP functions in the otherwise lethal deletion of SRP components, is not required 
for pneumococcal transformation. 
 
4.2 INTRODUCTION 
The competence regulon, the most studied system of S. pneumoniae, is involved in DNA uptake 
and recombination, and plays an essential role in driving its genetic diversity. Pneumococcal 
diversity is highlighted by the presence of 98 different capsular serotypes, which has hindered 
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the eradication efforts with conjugated vaccines that only covers 7-13 serotypes (PCV7, 
Prevnar; PCV10, Synflorix; PCV13, Prevnar13). Moreover, because pneumococcus is highly 
recombinogenic, vaccine escape through “capsule switching” to non-vaccine serotypes has 
emerged (Feikin et al., 2013). The pneumococcal competence regulon not only contributes to 
gene plasticity during evolution, but also regulates the expression of multiple virulence factors 
important for bacteremia and pneumonia infection (Zhu et al., 2015). Among these, deletion of a 
small cytoplasmic RNA (scRNA) gene has been found to completely block genetic 
transformation and attenuate virulence (Zhu, 2013). ScRNA or SRP RNA, is a component of the 
signal recognition particle (SRP) that associates with the Ffh protein (fifty-four homolog), and 
together, they deliver signal sequence of nascent peptide to the membrane-associated receptor 
FtsY, which then releases the peptide to the Sec translocon for membrane targeting or secretion 
(Zhang & Shan, 2014). In most organisms including Escherichia coli and Bacillus subtilis, all 
three components (scRNA, Ffh and FtsY) are essential for bacterial viability. However, mutant 
bacterium lacking one of the three components is viable for two known pathogenic streptococcal 
species S. mutans (Hasona et al., 2005) and S. pyogenes (Rosch, Vega, Beyer, Lin, & Caparon, 
2008). The viability of SRP components deletion in S. mutans is due to the membrane protein 
insertase YidC2, which rescues the loss of SRP function (Funes et al., 2009; Hasona et al., 2005). 
YidC2 protein has a positively-charged carboxy terminus extension and associates with 
ribosomes, mediating cotranslational peptide synthesis independent of the SRP pathway (Funes 
et al., 2009). YidC in E. coli can work both in cooperation with the Sec translocon (Scotti et al., 
2000) and independently as insertase (van Bloois, Jan Haan, de Gier, Oudega, & Luirink, 2004; 
Yi et al., 2003). YidC also functions as a foldase that facilitates the proper assembly of some 
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membrane protein complexes (de Sousa Borges, de Keyzer, Driessen, & Scheffers, 2015; 
Nagamori, Smirnova, & Kaback, 2004; Pop et al., 2009).  
 Genetic transformation in pneumococcus requires membrane-localized DNA translocation 
apparatus as well as cytosolic proteins; with the former possibly requires nascent protein 
insertion by the scRNA-SRP. The competence for genetic transformation in pneumococcus is 
initiated when the competence stimulating peptide (CSP) bind to its membrane-associated 
receptor histidine kinase ComD (Havarstein et al., 1996; Martin et al., 2010). ComD 
autophosphorylates, subsequently trans-phosphorylates the cognate response regulator ComE 
(Pestova et al., 1996). Activated ComE initiates the transcription of 24 “early” genes, including 
the identical and functionally redundant comX1 and comX2, which encode an alternative sigma 
factor (Luo et al., 2003; Luo & Morrison, 2003). ComX positively regulates the transcription of 
~80 “late” genes, some of which encode effectors for DNA uptake and recombination (Peterson 
et al., 2004).  
 During transformation, exogenous/environmental DNA binds to the cell surface of 
competent pneumococcal cells without sequence preference. Single strand DNA (ssDNA) is 
transported through the cell envelop by a DNA translocation apparatus whereas the non-
transported strand is degraded and released in to the culture medium (Laurenceau et al., 2015). 
The pneumococcal translocation apparatus is composed of a double strand DNA receptor protein 
ComEA; an endonuclease EndA; a transmembrane channel for ssDNA ComEC; an ATP-binding 
protein ComFA; and a transformation pseudopilus composed of major pilin protein ComGC 
(CglC) and minor pilin proteins ComGD (CglD), ComGE (CglE), ComGG (CglG) (Claverys, 
Martin, & Polard, 2009). The pseudopilus is structurally related to the Type IV pilus (T4P), and 
its pilin subunits are processed by a prepilin peptidase PilD and assembled into a pseudopilus by 
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the polytopic membrane protein ComGB and the putative ATPase ComGA. Environmental DNA 
binds the long micrometer size T4P-like pilus formed on the surface of competent pneumococcal 
cells. Disruption of pilus assembly abolishes genetic transformation (Laurenceau et al., 2015; 
Laurenceau et al., 2013). Upon entry into the cytoplasm, ssDNA is protected from degradation 
by binding to competence induced single stranded DNA binding proteins (Desai & Morrison, 
2007). The ssDNA-protein complex is named eclipse complex (EC) because of the very low 
transforming activity at this state, is composed of proteins encoded by three “late” competence 
genes, mainly SsbB, but also DprA and RecA. RecA is also responsible for homologous 
recombination (Mortier-Barriere et al., 1998). DprA is responsible for both homologous 
recombination and competence shut off (Mirouze et al., 2013). Two additional factors CoiA and 
RadA encoded by the “late” competence genes also facilitate this process, but their exact 
functions remain elusive (Desai & Morrison, 2007).  
 As discussed above, there are two main pathways of targeting nascent polypeptides to the 
Sec translocon: the co-translational pathway (scRNA-SRP) and the post-translational pathway. 
The former includes the SRP, which is composed of the Ffh and a 4.5S scRNA, and a membrane 
receptor FtsY for the SRP. Ffh contains two distinct domains connected by a linker: a 
methionine-rich M-domain that recognizes signal sequences and binds to the SRP RNA; and a 
NG-domain composed of a helical N-domain that interacts with ribosome and a GTP hydrolase 
G-domain (Zhang & Shan, 2014). The FtsY contains an acidic A-domain that mediates its 
association with peripheral membrane. SRP recognizes signal peptide sequence and delivers 
ribosome to SRP receptor FtsY, and subsequently together, help localize ribosome to the 
SecYEG translocon, where the co-translational protein synthesis takes place (Zhang & Shan, 
2014). The post-translational pathway has not been characterized in pneumococcus. In this study, 
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we examine the mechanisms underlying the complete loss of genetic transformation caused by 
scRNA-deficiency in pneumococcus.  
 
4.3 RESULTS 
Helix IV of the scRNA is important for its function 
The annotated size of the scRNA from the National Center for Biotechnology Information 
(NCBI) gene database is 185 nucleotides (Gene ID 933335) for strain R6, a derivative of the 
serotype 2 wild type strain D39 (Figure 4.1A). The D39 sequence database has been 
discontinued but was identical to R6. A previous study by Dr. Zhu, a former graduate student in 
the lab, has showed that when the scRNA was replaced by the kanamycin cassette, the scRNA 
mutant displayed slower growth, reduced virulence, and a complete loss of genetic 
transformation (Zhu, 2013). Further experiments have shown that the full length of scRNA is 
required for normal growth, full virulence, and genetic transformation. Deletion of the 
overlapping dut gene did not confer any of the aforementioned phenotypes, suggesting that 
various deficiencies were caused by the loss of scRNA (Zhu, 2013).  By using the Sweet Janus 
Cassette (Refer to Chapter 2, construction of ∆PcomXcbpD and ∆PcomXcibAB), two new mutants 
were generated in D39: ∆scRNA6-49 and ∆scRNA143-185 (Figure 4.1B). Both strains have a precise 
deletion of the indicated nucleotide at their genome. The ∆scRNA6-49 is deleted a key structure, 
helix IV, of the scRNA (Batey, Rambo, Lucast, Rha, & Doudna, 2000). The tetraloop (36-
GGAA-39), symmetric internal loop (29-CAGG-32 and 43-AGCA-46), and a third asymmetric 
loop (symmetric showed in Figure 4.1C for S. pneumoniae as predicted by algorithm on RNAfold 
server) were key structures conserved from H. sapiens to E. coli, despite the numerous 
differences in both the SRP RNA length and structure at other areas (Figure 4.1C) (Batey et al., 
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2000). The symmetric and asymmetric loops, together with the M domain of Ffh protein, create a 
signal sequence recognition surface for those secreted or membrane proteins. Deletion in the 
∆scRNA143-185 strain does not affect the major structure of helix IV, but deleted in the -3 to 40 nt 
of the dut gene, including the ATG start codon. It’s worth noting that immediately after the 
annotated scRNA end at 185 nt there is an ATG start codon sequence and a second ATG another 
30 nucleotide further downstream. Because ∆scRNA143-185 still has an intact promoter or 
ribosomal binding site of the dut gene, these two internal ATG sites of dut could potentially still 
be recognized as translation start sites. However, because neither of these ATGs is in the correct 
open reading frame, which results in a codon shift, ∆scRNA143-185 strain will not express a correct 
Dut protein. When compared to the transformation rate of the wild-type D39 and kanamycin 
inserted mutant scRNA (Km), only the ∆scRNA6-49 strain has severely reduced ability to undergo 
genetic transformation (detection limit of transformation frequency is 10-8), similar to the scRNA 
(Km) strain (Figure 4.1D). In contrast, the ∆scRNA143-185 has a transformation rate similar to D39 
(Figure 4.1D). These results demonstrate that the dut gene is not required for transformation. 
Furthermore, the helix IV structure is indispensable for scRNA-dependent genetic 
transformation. 
 
ScRNA, Ffh, and FtsY are all required for genetic transformation. 
Our initial attempts to create mutation in the other two components of SRP-SecY translocon 
apparatus, ffh and ftsY, were unsuccessful. Initially, we were unable to recover viable deletion 
mutants of both ffh and ftsY genes in S. pneumoniae, and thought these deletions confer a 
lethality phenotype, which contrasted with previous findings in S. mutans and S. pyogenes. 
Interestingly, after extensive investigations, we were able to obtain these two mutants by 
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switching to a different agar when selecting the antibiotic resistant deletion transformants. The 
Todd-Hewitt broth with 0.5% yeast extract (THY) agar, which is nutrient rich and widely used 
for culturing pneumococcus and isolating transformants when supplied with antibiotics, failed to 
yield any viable transformants. The successful agar was the C+YYB (from herein, C+Y) medium 
base and 1.5% Agar (Stevens et al., 2011). The C+Y medium has 9 amino acids, yeast extract, 
BSA, etc. However, with the C+Y agar, we encountered difficulty in isolating a pure culture of 
the ∆ffh and ∆ftsY. There was always a mixture of antibiotic resistant and sensitive bacteria. 
Upon further examination, we thought this could be caused by the mutational strategy. The 
approach undertook was to clone part of the coding region into the pEVP3 plasmid, and disrupt 
the target gene through homologous insertion duplication. Due to high selection pressure to 
maintain a functional SRP with wild-type Ffh and FtsY, it was likely that the inserted plasmid in 
many transformants excised the inserted plasmid through the “looping”, even though 
chloramphenicol selection was maintained throughout the entire process. To overcome these 
challenges, we undertook a gene replacement approach, by replacing the gene locus with an 
antibiotic resistance marker. These mutants were unable to mutate “back” to wild-type, even in 
the absence of antibiotic selection. By using the same strategy, we also generated the ∆yidC1 and 
∆yidC2 strains. 
The difficulty of making ∆ffh and ∆ftsY mutants propelled us to explore the difference 
between THY and C+YYB. First, when compared against D39 and ∆scRNA (Km), we confirmed 
that the newly generated, pure culture of ∆ffh and ∆ftsY were unable to grow on the THY 
medium (Table 4.1). Additionally, ∆ffh and ∆ftsY were unable to grow on the Brain-Heart 
Infusion (BHI) medium with or without yeast extract. BHI is another often used rich medium for 
culturing bacteria. Interestingly, ∆ffh and ∆ftsY were able to grow in THY supplemented with 5% 
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sheep blood or horse serum. Therefore, some important nutrients found in the serum but absent 
in THY were important for the growth of ∆ffh and ∆ftsY. One of major differences in the 
nutritional composition of THY, C+Y and serum was that, both C+Y medium and serum contain 
free amino acids while THY only contains low molecular weight small peptides and di-peptides. 
When THY was supplemented with the 9 amino acids (RNCQGILSV) in concentrations found in 
the C+Y medium (Stevens et al., 2011), ∆ffh and ∆ftsY were able to grow. To determine if one or 
more specific amino acids were required for the growth of ∆ffh and ∆ftsY, we supplemented the 
THY with 5 (RNCQG) and 4 (ILSV) amino acids. However, these amino acids still supported 
the growth of both ∆ffh and ∆ftsY, suggesting the growth deficiency was not caused by one or 
more specific amino acids. Collectively, these experiments demonstrated that when compared to 
D39 and ∆scRNA, both ∆ffh and ∆ftsY have impaired ability to utilize small and di-amino acid 
peptides as nutrients. The deficiency could be due to failure in direct uptake or inability to 
proteolytically digest the small peptides found in both THY and BHI into free amino acids.  
Finally, similar to ∆scRNA, both ∆ffh and ∆ftsY were not genetically transformable 
(Figure 4.2). In contrast, both the ∆yidC1 and ∆yidC2 were transformable (Figure 4.2). These 
results indicate all three components of SRP are important for genetic transformation during 
competence induction in S. pneumoniae. 
 
Membrane targeting of DNA uptake apparatus was less efficient in ∆scRNA 
Because of genetic transformation deficiency in ∆scRNA, we hypothesized that the DNA uptake 
apparatus proteins were not targeted to its cell membrane. Membrane proteins were isolated from 
both wild-type D39 and ∆scRNA, in the presence or absence of CSP1-mediated competence 
induction. Membrane proteins were identified and quantified by using the Liquid 
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chromatography–mass spectrometry (LC-MS). First, we confirmed the successful isolation of 
membrane proteins and cytoplasmic proteins, as they appeared in different profiles on the SDS-
PAGE (Figure 4.3).  Under the CSP1-induced competent state, there was less CglA, CglB, and 
CglC proteins on the membrane of ∆scRNA when compared to D39 (Table 4.2). CglA, CglB, and 
CglC are major components of the T4P-like DNA uptake apparatus (Laurenceau et al., 2013). 
Therefore, lower amount of these proteins suggests ∆scRNA were unable to insert these proteins 
into its membrane efficiently, resulting in reduced ability to assemble the T4P-like structure 
required for DNA uptake and successful transformation.  
We also compared the expression of additional competence-regulated proteins identified 
by the LCMS. ∆scRNA was still able to express SsbB (single strand binding protein B), RecA 
(recombinase A), and allolytic factors LytA and CbpD (Table 4.3). These results indicate that the 
impaired competence induction in ∆scRNA was caused by its inability to target CglA, CglB, and 
CglC to the membrane to efficiently assemble the T4P-like structure required for DNA uptake 
and transformation. 
 
4.4 DISCUSSION  
Similar to S. mutans and S. pyogenes, individual deletion of pneumococcus scRNA or ffh does 
not cause lethality. Although additional mechanism, including the insertase YidC can help insert 
the membrane protein to maintain basic physiological functions in nutritional rich culture media, 
some cellular functions are still negatively impacted. In pneumococcus, the loss of scRNA 
causes reduced virulence, slower growth, and loss of genetic transformation. In S. mutant, the 
loss of ffh, ftsY, or scRNA results similar phenotypes that include slower growth at non-stressed 
environment, intolerance of stresses imposed by acidity (pH 5.0), high salt (3.5% NaCl), and 
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oxidative stress (0.3 mM H2O2) (Hasona et al., 2005). In S. pyogenes, ∆ffh has slower growth 
than wild-type in THY or C medium supplemented with glucose, and the growth defect becomes 
significantly more severe in the absence of glucose. Some of the membrane and secreted 
proteins, including streptolysin (SLO) and NAD glycohydrolase (SPN) were not secreted (Rosch 
et al., 2008). Deletion of ffh in S. pyogenes causes significantly virulence attenuation in murine 
model of subcutaneous infection, independent of both SLO and SPN. We have obtained similar 
results in the S. pneumoniae, with stricter nutrient requirement for ∆ffh and ∆ftsY than ∆scRNA, 
suggesting that the loss of scRNA may greatly reduce but not completely disrupt the functions of 
Ffh and FtsY proteins. 
The inability of ∆ffh and ∆ftsY to grow on THY agar, a nutritional deficiency that could 
be rescued by supplementing free amino acids, is likely caused by the inability of these mutants 
to utilize oligopeptides as amino acid source. Because the uptake and utilization of oligopeptides 
have not been studied in pneumococcus, we proposed two hypotheses to explain the phenotypes. 
If the wild-type pneumococcus actively uses an oligopeptide uptake mechanism, for example 
through the oligopeptide permeases, one possibility is that ∆ffh and ∆ftsY may have impaired 
membrane localization of the oligopeptide uptake system, and as a result, and unable to absorb 
oligopeptides efficiently from the THY agar. However, it is also possible that the wild-type 
pneumococcus uses a different mechanism, by secreting degradative enzymes into the THY agar 
to digest oligopeptides and absorb the free amino acids instead of importing oligopeptide 
directly. Then in the second scenario, both ∆ffh and ∆ftsY may have failed to secrete these 
proteases into the THY agar.  
Because of membrane localized and secreted proteins are vital for cellular function, 
successful targeting of these proteins by SRP is vital and essential for cell viability. However, S. 
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mutans deficient in the function of SRP was found to be viable. It has been proposed that the 
insertase YidC2 can help targeting some membrane proteins, which enables the growth of SRP 
deficiency in S. mutans (Hasona et al., 2005). Similar to S. mutans, we found that among the two 
pneumococcal homologs of insertase, yidC2 exhibits increased sensitivity to environmental 
stresses similar to SRP deletions in S. mutans. Furthermore, mutants that harbor double deletion 
of YidC2 and one of SRP components were barely able to grow, suggesting an overlap in the 
function of YidC2 and SRP. However, we deletion of yidC2 gene did not reduce the rate of 
genetic transformation. Collectively, these results suggest scRNA and SRP play a vital role in 
ensuring successful genetic transformation. 
DNA uptake by pneumococcus requires T4P-like structure that binds environment DNA. 
CglC is the major pilin, while CglA and CglB are the ATPase and structural base for T4P. After 
CSP induction, all three components were detected on the membrane of the wild-type S. 
pneumoniae strain D39, but their levels were reduced in the ∆scRNA. It is still unclear whether 
the T4P structure is still successfully assembled, albeit at lower numbers, or completely failed to 
assemble. Future studies will identify the integrity and function of T4P pseudopilus in ∆scRNA. 
 
4.5 MATERIALS AND METHODS  
Bacterial strains, culture media, growth conditions 
All pneumococcal strains were derived from the wild-type serotype 2 strain D39. Pneumococcus 
were cultured in THY and (C+Y)-based liquid media and agar plates. Transformation studies 
were also performed in both THY or C+Y (Stevens et al., 2011), unless otherwise stated. All 





Sweet Janus Cassette (Li et al., 2014) was used to generate the scRNA mutants ∆scRNA6-49 and 
∆scRNA143-185 (as described in Chapter 2, detailed procedures and primers see Appendix I). 
Correct constructs were confirmed by PCR and sequencing. For deletion of ffh, ftsY, yidC1, and 
yidC2 genes, an assembled DNA cassette containing an erythromycin resistance gene flanked by 
the upstream and downstream sequence of the target gene was assembled by PCR and used to 
transform D39. Erythromycin resistance colonies were cultured, and correct gene replacement 
was verified by PCR and DNA sequencing.    
 
Genetic transformation studies 
The transformation efficiency study was conducted as previously described (Lau et al., 2001), in 
both THY and C+Y medium. S. pneumoniae strains were cultured until OD595nm of 0.15 and 
CSP1 was added to a final concentration of 100 ng ml-1 to induce competence development. 
Purified PCR product containing the streptomycin resistance rpsL gene was added to 100 ng ml-
1. After one-hour incubation at 37 ˚C, cells were serially diluted and plated on C+Y plates with 
or without streptomycin. Transformation rate was calculated as the ratio of streptomycin resistant 
transformants against total CFU in the culture.  The forward and reverse primer used for cloning 
rpsL+ were 5’- CAG TAA GAG GTT GGG CAA GGG TG-3’ and 5’- GGC AGG ACC TAC 
CCG TTC TCA ATG T-3’. The size of rpsL gene was 1877 bp.  
 
Membrane protein isolation 
Membrane proteins were isolated as previously described (Zuobi-Hasona, Crowley, Hasona, 
Bleiweis, & Brady, 2005). Briefly, S. pneumoniae strains were cultured in 200 ml THY broth to 
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OD595 0.15. Cultures were induced for 20 minutes with 100 ng
-1 CSP1, harvested by 
centrifugation and washed in TM buffer (50 mM Tris-maleate, pH 6.0, 20 mM MgCl2), in the 
presence of protease inhibitor cocktail. Control pneumococcal cells were exposed to same 
volume of sterile PBS. Cell pellets were resuspended in 2 ml TM buffer, froze, and ground with 
2 g aluminum oxide powder using a pre-chilled pestle and mortar. The mixture was centrifuged 
for 5 min at 3000 x g and then 10 min at 16 000 x g. The supernatant was centrifuged at 100 000 
x g for 18 hours at 4 ˚C to pellet the membranes.  
 
Proteomics analysis 
Identification and quantitation of purified membrane proteins were performed at the Roy J. 
Carver Biotechnology Center at University of Illinois at Urbana-Champaign. Proteins were 
digested with trypsin, and LC-MS was performed using a Thermo Dionex Ultimate RSLC3000 
coupled with Thermo Acclaim PepMap 100 and Thermo Acclaim PepMap RSLC. Peptide 
fingerprinting parameters were targeted against the S. pneumoniae protein database. 
Exponentially modified protein abundance index (emPAI), which is a parameter about the 
relative abundance of proteins in a mixture, and is presented in Tables 4.2 and 4.3. 
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Figure 4.1 (cont.) 
A. Annotation of the scRNA gene in the S. pneumoniae strain R6 (a direct derivative of D39), 
which indicates an overlap with the downstream dut gene.  
B. Schematic representation of various scRNA deletion constructs. The scRNA (Km) has a 
kanamycin resistance cassette replacing the scRNA gene and part of the dut gene. ∆scRNA6-49 has 
a deletion from nucleotides 6-49 in the scRNA. ∆scRNA143-185 carries a deletion from nucleotides 
143-185 in the scRNA.  
C. Predicted scRNA1-98 structure, showing the tetra loop, two symmetrical loops as predicted by 
the algorithm on RNAfold server. 
D. Transformation frequency of various scRNA mutants. Each strain was incubated with 100 ng 
ml-1 rpsL+ (streptomycin resistance gene) DNA derived by PCR and 100 ng ml-1 CSP1. 
Transformation rate was defined as the ratio of recovered streptomycin resistance transformants 




Figure 4.2 Transformation frequency in S. pneumoniae strains deficient in SRP and the 
insertase YidC. 
Pneumococcal strains were incubated with 100 ng ml-1 rpsL+ (streptomycin resistance gene) 
DNA derived from gel-purified PCR products and 100 ng ml-1 CSP1. Transformation rate was 
defined as the ratio of recovered streptomycin resistance transformants against total CFU. The 







Figure 4.3 Isolated membrane proteins of S. pneumoniae.  
Membrane and cytoplasmic proteins extracted from S. pneumoniae D39 were resolved by SDS-




Table 4.1 Growth phenotypes of wild-type D39, ∆scRNA, ∆ffh and ∆ftsY on agar plates of 
different culture medium. 
Agar plates D39 ∆scRNA (Km) ∆ffh (Em) ∆ftsY (Em) 
THY + + - - 
THY (Em) - - - - 
BHI + + - - 
BHI with yeast extract + + - - 
C+YYB + + + + 
C+YYB (Em) - - + + 
THY with 5% sheep blood + + + + 
THY with 5% horse serum + + + + 
Columbia Agar with 5% sheep 
blood 
+ + + + 
THY with 9 amino acids 
(RNCQGILSV) 
+ + + + 
THY with 5 amino acids 
(RNCQG) 
+ + + + 
THY with 4 amino acids (ILSV) + + + + 
THY: Todd-Hewitt broth with 0.5% yeast extract. BHI: Brain-Heart Infusion. Em: erythromycin. 
Km: kanamycin.  
 
Streptococcus pneumoniae D39 strain and its derivative mutants, ∆scRNA, ∆ffh, and ∆ftsY were 
cultured to exponential phase in C+Y liquid medium, harvested, washed, and plated onto the 
indicated agar plates to check for grow after overnight incubation at 37˚C with 5% CO2. 
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Table 4.2 Relative quantities of DNA uptake apparatus proteins in competent versus 
noncompetent D39 and ∆scRNA bacteria. 






CglA (ComGA) 0 0.7 0 0.13 
CglB (ComGB) 0 0.23 0 0.13 
CglC (ComGC) 0 1.76 0 0.41 
ComGD-GG 0 0 0 0 
CclA (PilD) 0 0 0 0 
CelA/CelB 0 0 0 0 
 
Membrane proteins were extracted from Streptococcus pneumoniae D39 strain and ∆scRNA 
mutant, with or without induction of competence by 100 ng ml-1 CSP1. Identification and 
quantitation of purified membrane proteins were performed by using the LC-MS-based 
quantitative proteomics analysis. The competence system DNA uptake apparatus and their 
relative abundance in the mixture, represented as exponentially modified protein abundance 
index (emPAI), are presented.
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Table 4.3 Relative quantities of competence-induced proteins in competent and 
noncompetent D39 and ∆scRNA cells. 




RadA 0 0 0.22 0 
Spd_0133 0 0.97 0 0 
PepF 0.06 0.06 0 0 
RadC 0 1.72 0 0 
PgdA 0.29 0.26 0.28 0.08 
SsbB 0 4.35 0 4.41 
RecA 0 0.83 0 0.11 
LytA 1.56 4.06 1.9 3.35 
Cbf1 0.13 1.58 4.82 2.64 
CbpD 0 0.3 0 1.15 
 
Membrane proteins were extracted from Streptococcus pneumoniae D39 strain and ∆scRNA 
mutant, with or without CSP1 induction of competence. Identification and quantitation of 
purified membrane proteins were performed using LC-MS-based quantitative proteomics 
analysis. The identified S. pneumoniae competence system proteins (except the DNA uptake 
apparatus proteins showed in Table 4.2) and their relative abundance in the mixture, represented 
as exponentially modified protein abundance index (emPAI), were presented in the table. 
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CHAPTER 5: CONCLUSION 
Competence regulon is the one of the most well studied systems in Streptococcus pneumoniae 
(pneumococcus). The importance of competence system is further highlighted after discoveries 
that (i) competence induction is beneficial to virulence during invasive infections; (ii) 
competence-dependent gene exchange is efficient during nasopharyngeal colonization; and (iii) 
competence receptor protein ComD is important for pneumococcus transmission. Collectively, 
these important findings suggest that the competence system of pneumococcus confers both 
short-term benefits — virulence and transmission, and long-term benefit — genome plasticity, 
which have imposed a selection pressure for the maintenance of such an energy expansive and 
costly system over the evolution of the pathogen. 
Our lab has independently discovered that deletion of dprA, currently the only known 
pneumococcal factor responsible for competence shut off, causes virulence attenuation during 
acute pneumonia and bacteremia. Because competent pneumococci kill off some non-competent 
cells within its population by allolysis to release DNA for uptake and transformation, we 
hypothesized that excessive expression of competence-regulated allolysis factors (LytA, CbpD 
and CibAB) in ∆dprA are detrimental to pneumococcus. Interestingly, even though allolytic 
factors are overexpressed under in vitro experimental conditions, ∆dprA does not display 
significantly more allolysis. However, results from both mouse models of acute pneumonia and 
bacteremia indicate that overexpression of LytA, CbpD and CibAB are responsible for the 
virulence attenuation. Additionally, overexpression of ComM, a competence immunity protein in 
the ∆dprA appear to also contribute to virulence attenuation. Further studies are needed to 
confirm that pneumococcal allolysis occurs during pneumonia and bacteremia infections, and the 
role of ComM in virulence. 
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Even though competence for genetic transformation was discovered almost a century ago, 
competence development system during pneumococcal infection remains a mystery. By using 
the firefly luciferase reporter approach, we found that the pneumococcal competence system is 
activated in mouse model of pneumonia-derived sepsis. Additionally, in stark contrast to the 
short competence burst in vitro, the in vivo competent state is prolonged. After initiation in the 
infected lung, the competent state is maintained and continued following the breach of alveolar-
capillary barrier and systemic spread through the entire animal. Both the local pneumococcal 
density and the physiological adaptation of the bacteria appear to contribute to the initial 
competence induction. Also, even though DprA is highly activated during pneumonic sepsis, it is 
unable to shut off the competent state in vivo. Therefore, it is likely that additional pneumococcal 
or host factors are present and capable of interfering with competence shut off by DprA. 
However, in contrast to the competitive disadvantage caused by the overexpression of LytA, 
CbpD and CibAB in ∆dprA, persistent competent state which is also expected to elevate the 
levels of allolytic factors and subsequent elevated release of pneumolysin and proinflammatory 
cell wall in the wild-type D39 strain, which will breach the alveolar-capillary barrier to enhance 
pneumonic sepsis. These results suggest that pneumococcus with an intact competence regulon 
and DprA is able to fine tune the competence state to its advantage during pneumonic sepsis.  
Genetic transformation during the competent state requires DNA uptake and 
recombination. We found that deletion of the small cytoplasmic RNA gene (scRNA) greatly 
reduces the transformation rate because of its inability to form the DNA uptake apparatus. We 
identified that the helix IV structure as important for scRNA function. Ffh and FtsY, the other 
two components of SRP, are also required for transformation. However, the insertase YidC1 and 
YidC2 do not play an important role in genetic transformation.  
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Future studies have been planned to examine the physiological changes in pneumococcus 
as well as lung environment that switch on the competent state during pneumonic sepsis. In 
addition, we will examine how does competence induction benefit in vivo infection, and the 
relevance of various competence-regulated virulence factors (e.g., allolytic factors) in the breach 
of alveolar-capillary barrier. Additional plans include boosting the luminescent strength to study 
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APPENDIX A: SUPPLEMENTARY INFORMATION 
Supplementary Experimental Procedures 
PCR, gene splicing and cloning 
PCR amplification were performed using the Q5® High-Fidelity DNA Polymerase (New 
England Biolabs, Ipswich, MA) following manufacturer’s instructions. DNA fragments was 
spliced together using the NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs, 
Ipswich, MA). Genes were cloned following restrictive enzyme digests and ligated with T4 DNA 
ligase (New England Biolabs, Ipswich, MA). Purification of PCR products and plasmids were 
carried out following manufacturer’s instructions (ZYMO Research, Irvine, CA).  
 
Generation of the ∆dprA∆cbpD∆lytA triple deletion mutant 
A ∆dprA∆cbpD∆lytA deletion mutant was obtained by transforming GW1941 (∆cbpD∆lytA) 
with chromosomal DNA of AD1122 (∆dprA) with the selection for kanamycin resistance (KanR) 
(Table A.1). All the ∆dprA-related mutants were generated using similar methods.  
 
Construction of the rplL lacZ reporter strain 
To obtain the rplL-lacZ reporter strain, a pEVP3-rplL plasmid (Table A.2) was constructed. An 
amplicon with rplL gene was generated through PCR using a pair of primers rplLF and rplLR 
(Table A.3). PCR products were digested with KpnI/BamHI and ligated into the pEVP3 vector 
(Table A.2), and used to transform E. coli DH5α. The resultant plasmid pEVP3-rplL was verified 
by restriction digest and used to transform the S. pneumoniae strain D39 (WT) with the selection 




Generation of the cbpD Sweet Janus Cassette insertional mutant 
An amplicon of sacB-kan-rpsL+ (Sweet Janus Cassette) was generated through PCR with primers 
SJCF and SJCR, using chromosomal DNA from the strain SpnYL001 (Table A.1) as template. 
An amplicon for the upstream sequence of the cbpD combox was generated through PCR with 
primers cbpDSJCU1 and cbpDSJCU2 (Table A.3). A second amplicon for the downstream 
sequence of cbpD combox was generated through PCR with primers cbpDSJCD1 and 
cbpDSJCD2. Primers cbpDSJCU2 and cbpDSJCD1 each overlaps (Tm > 48˚C) with the Sweet 
Janus Cassette amplicon. Three amplicons were purified and then assembled using NEBuilder® 
HiFi DNA Assembly Master Mix. Then, a pair of nesting primers, cbpDSJCFx and cbpDSJCRx 
(Table A.3), were used to amplify the assembled product. The assembled product was used to 
transform the WT with the selection for kanamycin resistance (KanR), to produce cbpD::SJC 
(Table A.1). 
  
Construction of the cbpD combox deletion mutant 
An amplicon with the upstream sequence of the cbpD combox was PCR amplified with primers 
cbpDSJCU1 and cbpDSJCx1 (Table A.3). A second amplicon with the downstream sequence of 
the cbpD combox was PCR amplified with primers cbpDSJCx2 and cbpDSJCD2 (Table A.3). 
Primers cbpDSJCx1 and cbpDSJCx2 overlap (Tm > 48˚C) with each other. Two amplicons were 
purified and then assembled using NEBuilder® HiFi DNA Assembly Master Mix. Then a pair of 
nesting primers, cbpDSJCFx and cbpDSJCRx (Table A.3), were used to amplify the assembled 
product. The assembled product was used to transform the cbpD::SJC strain by sucrose selection 




Construction of cibAB Sweet Janus Cassette insertional mutant 
An amplicon of sacB-kan-rpsL+ (Sweet Janus Cassette) was generated by PCR with primers 
SJCF and SJCR (Table A.3), using SpnYL001 (Table A.1) chromosomal DNA as template. An 
amplicon upstream of the cibAB combox was generated by PCR with primers cibABSJCU1 and 
cibABSJCU2 (Table A.3). An amplicon downstream of cibAB combox was generated by PCR 
with primers cibABSJCD1 and cibABSJCD2 (Table A.3). Primers cibABSJCU2 and 
cibABSJCD1 each has overlapping sequence (Tm > 48˚C) with the Sweet Janus Cassette 
amplicon. All three amplicons were purified and assembled using the NEBuilder® HiFi DNA 
Assembly Master Mix. Then a pair of nesting primers, cibABSJCFx and cibABSJCRx (Table 
A.3), were used to amplify the assembled products. The final construct was transformed into 
recipient pneumococcal cells by selecting for kanamycin resistance (KanR) transformants, to 
produce cibAB::SJC. 
 
Construction of the cibAB combox deletion mutant 
An amplicon upstream of the cibAB combox was generated by PCR with primers cibABSJCU1 
and cibABSJCx1 (Table A.3). A second amplicon downstream of the cibAB combox was 
generated by PCR with primers cibABSJCx2 and cibABSJCD2 (Table A.3). Primer 
cibABSJCx1 and cibABSJCx2 have overlapping sequence (Tm > 48˚C). Two amplicons were 
gel-purified and then assembled using the NEBuilder® HiFi DNA Assembly Master Mix. A pair 
of nesting primers, cibABSJCFx and cibABSJCRx (Table A.3), were used to amplify and 
assemble the final product. The assembled product was used to transform the cibAB::SJC strain 




Construction of comM deletion mutant 
An amplicon upstream of the comM gene was generated by PCR with primers comMUPF and 
comMUPR (Table A.3). Another amplicon downstream of the comM gene was generated by 
PCR using primers comMDNF and comMDNR (Table A.3). An amplicon containing 
erythromycin resistance gene was generated by PCR with primers ermF and ermR (Table A.3) 
using the genomic DNA from strain AD0636 (spxB::erm) as template. All three amplicons were 
assembled using the NEBuilder® HiFi DNA Assembly Master Mix. Then, a pair of nesting 
primers, comMFx and comMRx (Table A.3), were used to amplify and assemble the final 
construct. The assembled construct was used to transform the pneumococcus strains by selecting 
erythromycin resistance (ErmR) transformants. 
 
Construction of pneumococcal firefly luciferase reporter strains 
An amplicon containing part of pEVP3 plasmid (Table A.2) was generated using primers ropF-
luc and BamHR-luc (Table A.3). An amplicon containing firefly luciferase was generated by 
using primers lucF and lucR (Table A.3). Both amplicons were assembled using the NEBuilder® 
HiFi DNA Assembly Master Mix, and transformed into E. coli DH5α. The correct plasmid 
pEVP3-luc (Table A.2) was verified by restriction digest and sequencing. An amplicon of comM 
gene was generated by PCR using primers comMF and comMR1 (Table A.3) and cloned into the 
pEVP3-luc plasmid via BamHI/KpnI digestion and ligation. The resultant plasmid pEVP3-luc-






Construction of the luxABCDE reporter strain 
Amplicons containing each of luxABCDE genes with Gram-positive ribosomal binding site were 
generated by PCR with the following primer sets luxAF/luxAR, luxBF/luxBR, luxCF/luxCR, 
luxDF/luxDR, and luxEF/luxER (Table A.3) (Francis et al., 2000), using pMS402 (Duan, 
Dammel, Stein, Rabin, & Surette, 2003) as template. Amplicons were cloned sequentially into 
pUCP18 plasmid as described (Francis et al., 2000). After assembly, a DNA fragment containing 
luxABCDE was generated by BamHI/BsiWI digestion and cloned into pEVP3 plasmid (Table 
A.2), and the result plasmid was named pEVP3-luxABCDE (Table A.2). Then, a ssbB gene was 
transcriptionally fused into the pEVP3-luxABCDE plasmid using a KpnI/BamHI digestion, 
followed by ligation with T4 ligase. The resultant pEVP3-luxABCDE-ssbB plasmid (Table A.2) 
was used to transform the pneumococcal strains by selecting for CmR resistant reporter strains. 
 
Construction of 3xFLAG tag and luxABCDE dual reporter strains in pneumococcus 
The dual reporter strains were generated by placing the ribosomal binding sequence of S. 
pneumoniae rplL gene for luxABCDE genes. Each of the five luxABCDE genes was cloned in 
sequence into pUCP18 plasmid using the method described above, using the following primer 
sets: luxnAF/luxnAR, luxnBF/luxnBR, luxnCF/luxnCR, luxnDF/luxnDR, and luxnEF/luxnER 
(Table A.3). After assembly, an amplicon containing the luxABCDE genes was generated by 
PCR using the rLXAEF and rLXAER primers (Table A.3). A single strand oligonucleotide 
named 3xFLAG-FLX3 containing 3xFLAG tag and overlapping regions of the pEVP3 amplicon 
and luxA was synthesized. An amplicon containing part of pEVP3-luxABCDE plasmid was 
generated by PCR using primers RopF-FLX3 and BamR-FLX3 (Table A.3). The two fragments 
were assembled using the NEBuilder® HiFi DNA Assembly Master Mix, and the resultant 
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plasmid was named pEVP3-FLX3 (Table A.2), which has a 3xFLAG tag translationally-fused to 
BamHI site and a luxABCDE reporter transcriptionally-fused after the 3xFLAG tag. Then, the 
lytA gene was translationally cloned into this pEVP3-FLX3 by KpnI/BamHI digestion and T4 
ligation. The resultant pEVP3-FLX3-lytA (Table A.2) was used to transform the pneumococcus 
strains by selecting for CmR resistant transformants, for construction of lytA-FLX3-expressing 
pneumococcal reporter strains. For construction of the cbpD-FLX3-expressing pneumococcal 
reporter strains, a DNA fragment of cbpD was generated by PCR using primers 
cbpDp3F/cbpDp3R (Table A.3), and assembled into a KpnI/BamHI-digested pEVP3-FLX3 
fragment using the NEBuilder® HiFi DNA Assembly Master Mix. The resulting plasmid pEVP3-
FLX3-cbpD (Table A.2) was transformed into the pneumococcal strains by selecting for CmR 
resistant transformants.   
 
Construction of the ComM-3xFLAG reporter strains in pneumococcus 
An amplicon containing part of pEVP3 plasmid (Table A.2) was generated by PCR using 
primers ropF-FLAG and BamR-FLX3 (Table A.3), and assembled with the single strand 
oligonucleotide named 3xFLAG-FLX3 (Table A.3) by using the NEBuilder® HiFi DNA 
Assembly Master Mix. The resultant plasmid was named pEVP3-3xFLAG (Table A.2). A comM 
gene was amplified by PCR with chromosomal DNA from D39 strain as template by using 
primers comMF and comMR (Table A.3), and translationally-fused into this pEVP3-3xFLAG 
plasmid using KpnI/BamHI digestion and T4 ligation. The resultant pEVP3-3xFLAG-comM 





Construction of ComM-3xFLAG based knockout strains 
A ΔcomCDE-comM-3xFLAG strain was obtained by transforming WT-comM-3xFLAG strain 
with chromosomal DNA of AD2064 (ΔcomCDE) with the selection for kanamycin resistance 
(KanR) and chloramphenicol (CmR). A ΔcomX1ΔcomX2-comM-3xFLAG strain was obtained by 
transforming WT-comM-3xFLAG strain with chromosomal DNA of FS1975 (ΔcomX1ΔcomX2) 
twice with the first-time selection for KanR and the second-time selection for KanR, ErmR, and 
CmR. Similarly, ΔdprA-comM-3xFLAG strain, ΔlytA-comM-3xFLAG strain, ΔcbpD-comM-
3xFLAG strain, ΔcibAB-comM-3xFLAG strain were obtained by transforming WT-comM-
3xFLAG strain with chromosomal DNA from AD1122 (ΔdprA), AD1737 (ΔlytA), AD2028 
(ΔcbpD), and AD0133 (ΔcibAB), respectively. To construct ΔlytA, ΔcbpD, and ΔcibAB 
knockout in ΔdprA comM-3xFLAG background, similar transformation strategy was used, 
except that we used ΔdprA (ErmR) instead of ΔdprA (KanR). To construct the ΔdprA (ErmR) 
comM-3xFLAG strain, a strategy similar to comM deletion mentioned above was used.  An 
amplicon upstream of the dprA gene was generated by PCR with primers dprAUPF and 
dprAUPR (Table A.3). Another amplicon downstream of the comM gene was generated by PCR 
using primers dprADNF and dprADNR (Table A.3). An amplicon containing erythromycin 
resistance gene was generated by PCR with primers ermF and ermR (Table A.3) using the 
genomic DNA from strain AD0636 (spxB::erm) as template. All three amplicons were assembled 
using the NEBuilder® HiFi DNA Assembly Master Mix. Then, a pair of nesting primers, dprAFx 
and dprARx (Table A.3), were used to amplify and assemble the final construct. The assembled 
construct was used to transform the pneumococcus strains, WT-comM-3xFLAG, ΔlytA-comM-
3xFLAG, ΔcbpD-comM-3xFLAG, and ΔcibAB-comM-3xFLAG, by selecting ErmR and CmR 
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transformants, to generate ΔdprA(ErmR)-comM-3xFLAG, ΔdprAΔlytA-comM-3xFLAG, 
ΔdprAΔcbpD-comM-3xFLAG, and ΔdprAΔcibAB-comM-3xFLAG, respectively. 
 
Construct of rplL-luxABCDE reporter strain 
An amplicon with rplL gene was generated through PCR using a pair of primers named rplLF 
and rplLR (Table A.3). PCR products were digested with KpnI/BamHI and ligated into the 
pEVP3-luxABCDE vector and used to transform E. coli DH5α. The resultant plasmid pEVP3-
luxABCDE-rplL was verified by restriction digest and used to transform the S. pneumoniae strain 
D39 strain with the selection for chloramphenicol resistant (CmR) colonies to generate the WT-
rplL-luxABCDE expressing strain.  
 
Construction of the dut Sweet Janus Cassette insertional mutant 
An amplicon of the sacB-kan-rpsL+ (Sweet Janus Cassette) was generated by PCR with primers 
SJCF and SJCR (Table A.3), using the SpnYL001 (Table A.1) chromosomal DNA as template. 
An amplicon upstream of the dut gene was generated by PCR with primers dutSJCU1 and 
dutSJCU2 (Table A.3). An amplicon downstream of the dut gene was generated by PCR with 
primers dutSJCD1 and dutSJCD2 (Table A.3). Primers dutSJCU2 and dutSJCD1 each has 
overlapping sequence (Tm > 48˚C) with the Sweet Janus Cassette amplicon. All three amplicons 
were purified and assembled using the NEBuilder® HiFi DNA Assembly Master Mix. Then a 
pair of nesting primers, dutSJCFx and dutSJCRx (Table A.3), were used to amplify the 
assembled products. The final construct was transformed into recipient pneumococcal cells by 




Construction of the scRNA partial deletion mutants 
An amplicon upstream of the scRNA6-49 was generated by PCR with primers dutSJCU1 and 
scRNAUP2 (Table A.3). A second amplicon downstream of the scRNA6-49 was generated by 
PCR with primers scRNADN1 and dutSJCD2 (Table A.3). Primer scRNAUP2 and scRNADN1 
have overlapping sequence (Tm > 48˚C). Two amplicons were gel-purified and then assembled 
using the NEBuilder® HiFi DNA Assembly Master Mix. A pair of nesting primers, dutSJCFx 
and dutSJCRx (Table A.3), were used to amplify and assemble the final product. The assembled 
product was used to transform the dut::SJC strain (Table A.1) with sucrose selection (SuR) to 
produce ∆scRNA6-49 (Table A.1). Similarly, an amplicon upstream of the scRNA143-185 was 
generated by PCR with primers dutSJCU1 and scRNA143R (Table A.3). A second amplicon 
downstream of the scRNA143-185 was generated by PCR with primers scRNA185F and dutSJCD2 
(Table A.3). Primer scRNA143R and scRNA185F have overlapping sequence (Tm > 48˚C). Two 
amplicons were gel-purified and then assembled using the NEBuilder® HiFi DNA Assembly 
Master Mix. A pair of nesting primers, dutSJCFx and dutSJCRx (Table A.3), were used to 
amplify and assemble the final product. The assembled product was used to transform the 
dut::SJC strain (Table A.1) with sucrose selection (SuR) to produce ∆scRNA143-185 (Table A.1).  
 
Construction of ffh deletion mutant 
An amplicon upstream of the ffh gene was generated by PCR with primers ffhU1a and ffhU2a 
(Table A.3). Another amplicon downstream of the ffh gene was generated by PCR using primers 
ffhD1a and ffhD2a (Table A.3). An amplicon containing the erythromycin resistance gene was 
generated by PCR with primers ffhermF and ffhermR (Table A.3) using the genomic DNA from 
strain AD0636 (spxB::erm) as template. All three amplicons were assembled using the 
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NEBuilder® HiFi DNA Assembly Master Mix. Then, a pair of nesting primers, ffhFx and ffhRx 
(Table A.3), were used to amplify and assemble the final construct. The assembled construct was 
used to transform the pneumococcus strains by selecting erythromycin resistance (ErmR) 
transformants. 
 
Construction of ftsY deletion mutant 
An amplicon upstream of the ftsY gene was generated by PCR with primers ftsYU1a and 
ftsYU2a (Table A.3). Another amplicon downstream of the ftsY gene was generated by PCR 
using primers ftsYD1a and ftsYD2a (Table A.3). An amplicon containing the erythromycin 
resistance gene was generated by PCR with primers ftsYermF and ftsYermR (Table A.3) using 
the genomic DNA from strain AD0636 (spxB::erm) as template. All three amplicons were 
assembled using the NEBuilder® HiFi DNA Assembly Master Mix. Then, a pair of nesting 
primers, ftsYFx and ftsYRx (Table A.3), were used to amplify and assemble the final construct. 
The assembled construct was used to transform the pneumococcus strains by selecting 
erythromycin resistance (ErmR) transformants. 
 
Construction of yidC1 deletion mutant 
An amplicon upstream of the yidC1 gene was generated by PCR with primers yidC1U1 and 
yidC1U2 (Table A.3). Another amplicon downstream of the yidC1 gene was generated by PCR 
using primers yidC1D1 and yidC1D2 (Table A.3). An amplicon containing the erythromycin 
resistance gene was generated by PCR with primers yidC1ermF and yidC1ermR (Table A.3) 
using the genomic DNA from strain AD0636 (spxB::erm) as template. All three amplicons were 
assembled using the NEBuilder® HiFi DNA Assembly Master Mix. Then, a pair of nesting 
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primers, yidC1Fx and yidC1Rx (Table A.3), were used to amplify and assemble the final 
construct. The assembled construct was used to transform the pneumococcus strains by selecting 
erythromycin resistance (ErmR) transformants. 
 
Construction of yidC2 deletion mutant 
An amplicon upstream of the yidC2 gene was generated by PCR with primers yidC2U1 and 
yidC2U2 (Table A.3). Another amplicon downstream of the yidC2 gene was generated by PCR 
using primers yidC2D1 and yidC2D2 (Table A.3). An amplicon containing the erythromycin 
resistance gene was generated by PCR with primers yidC2ermF and yidC2ermR (Table A.3) 
using the genomic DNA from strain AD0636 (spxB::erm) as template. All three amplicons were 
assembled using the NEBuilder® HiFi DNA Assembly Master Mix. Then, a pair of nesting 
primers, yidC2Fx and yidC2Rx (Table A.3), were used to amplify and assemble the final 
construct. The assembled construct was used to transform the pneumococcus strains by selecting 




Table A.1 Streptococcus pneumoniae strains used in this study. 
Strain Relevant Properties Origin/Ref. 
D39 (WT)  Wild-type Streptococcus pneumoniae, 
serotype 2 
(Avery, MacLeod, 
& McCarty, 1979) 
AD1122 (∆dprA)  D39, but ∆dprA::Kan, KanR (Zhu, 2013) 
GW1941 (∆cbpD∆lytA)
  
D39, but ∆cbpD::pEVP3, ∆lytA::Erm; 
CmR, ErmR 
(Zhu, 2013) 
∆dprA∆cbpD∆lytA D39, but ∆dprA::Kan, ∆cbpD::pEVP3, 
∆lytA::Erm; KanR, CmR, ErmR 
This work 
WT-rplL-lacZ D39, but a promoterless lacZ reporter 
gene from pEVP3 transcriptionally-
fused behind the rplL gene; KanR 
This work 
∆dprA-rplL-lacZ D39, but ∆dprA::Kan, a promoterless 
lacZ reporter gene from pEVP3 
transcriptionally-fused behind the rplL 
gene; KanR, CmR 
This work 
SpnYL001 (Sweet Janus 
Cassette, SJC) 
SmR TIGR4 (serotype 4 isolate) by 
selection of mutations, but cps::sacB-
kan-rpsL+; KmR, SmS, SuS 
(Li, Thompson, & 
Lipsitch, 2014) 
cbpD::SJC D39, but cbpD::sacB-kan-rpsL+; KmR, 
SmS, SuS 
This work 
cibAB::SJC D39, but cibAB::sacB-kan-rpsL+; KmR, 
SmS, SuS 
This work 
WT∆PcomXcbpD D39, but ∆PcomXcbpD This work 
∆dprA∆PcomXcbpD D39, but ∆dprA::Kan, ∆PcomXcbpD; 
KanR 
This work 
WT∆PcomXcibAB D39, but ∆PcomXcibAB This work 
∆dprA∆PcomXcibAB D39, but ∆dprA::Kan, ∆PcomXcibAB; 
KanR 
This work 
AD1737 (∆lytA) D39, but ∆lytA::Kan, KanR (Zhu, 2013) 
AD2028 (∆cbpD) D39, but ∆cbpD::Kan, KanR (Zhu, 2013) 
AD0133 (∆cibAB) D39, but ∆cibAB::Kan, KanR (Zhu, 2013) 
AD2064 (∆comCDE) D39, but ∆comCDE::Kan, KanR (Zhu, 2013) 
FS1975 (∆comX1∆comX2) D39, but ∆comX1::Kan, ∆comX2::Erm; 
KanR, ErmR 
(Zhu, 2013) 
AD0636 (∆spxB) D39, but ∆spxB::Erm, ErmR (Zhu, 2013) 
∆comM D39, but ∆comM::Erm, ErmR This work 






Table A.1 (cont.) 
Strain Relevant Properties Origin/Ref. 
WT-ssbB-luxABCDE D39, but promoterless bioluminescence 
reporter genes luxABCDE 
transcriptionally-fused behind the ssbB 
gene; CmR 
This work 
∆dprA-ssbB-luxABCDE D39, but ∆dprA::Kan, promoterless 
bioluminescence reporter genes 
luxABCDE transcriptionally-fused 
behind the ssbB gene; KanR, CmR 
This work 
WT-lytA-FLX3 D39, but with 3xFLAG tag 
translationally-fused to C-terminus of 
lytA, followed by transcriptionally-
fused promoterless bioluminescence 
reporter genes luxABCDE; CmR 
This work 
∆dprA-lytA-FLX3 D39, but ∆dprA::Kan, with 3xFLAG 
tag translationally-fused to C-terminus 
of lytA, followed by transcriptionally 
fused promoterless bioluminescent 
reporter genes luxABCDE; KanR, CmR 
This work 
WT-cbpD-FLX3 D39, but 3xFLAG tag was 
translationally fused to C-terminus of 
cbpD, followed by transcriptionally-
fused promoterless bioluminescence 
reporter genes luxABCDE; CmR 
This work 
∆dprA-cbpD-FLX3 D39, but ∆dprA::Kan, 3xFLAG tag was 
translationally fused to C-terminus of 
cbpD, followed by transcriptionally 
fused promoterless bioluminescence 




D39, but ∆PcomXcbpD, 3xFLAG tag was 
translationally fused to C-terminus of 
cbpD, followed by transcriptionally 
fused promoterless bioluminescence 




D39, but ∆dprA::Kan, ∆PcomXcbpD, 
3xFLAG tag was translationally fused 
to C-terminus of cbpD, followed by 
transcriptionally fused promoterless 






Table A.1 (cont.) 
Strain Relevant Properties Origin/Ref. 
WT-comM-luc D39, but a promoterless firefly 
luciferase luc reporter gene was 
transcriptionally-fused behind the 
comM gene; CmR 
This work 
∆dprA-comM-luc D39, but ∆dprA::Kan, with a 
promoterless firefly luciferase luc 
reporter gene transcriptionally-fused 
behind the comM gene; KanR, CmR 
This work 
WT-comM-3xFLAG D39, but 3xFLAG tag was 
translationally-fused to the C-terminus 
of comM; CmR 
This work 
∆dprA-comM-3xFLAG D39, but ∆dprA::Kan, and 3xFLAG tag 
was translationally-fused to the C-
terminus of comM; KanR, CmR 
This work 
ΔcomCDE-comM-3xFLAG D39, but ∆comCDE::Kan, and 3xFLAG 
tag was translationally-fused to the C-




D39, but ∆comX1::Kan, ∆comX2::Erm, 
and 3xFLAG tag was translationally-
fused to the C-terminus of comM; 
KanR, ErmR, CmR 
This work 
ΔlytA-comM-3xFLAG D39, but ∆lytA::Kan, and 3xFLAG tag 
was translationally-fused to the C-
terminus of comM; KanR, CmR 
This work 
ΔcbpD-comM-3xFLAG D39, but ∆cbpD::Kan, and 3xFLAG tag 
was translationally-fused to the C-
terminus of comM; KanR, CmR 
This work 
ΔcibAB-comM-3xFLAG D39, but ∆cibAB::Kan, and 3xFLAG 
tag was translationally-fused to the C-




D39, but ∆dprA::Erm, and 3xFLAG tag 
was translationally-fused to the C-




D39, but ∆dprA::Erm, ∆lytA::Kan, and 
3xFLAG tag was translationally-fused 





D39, but ∆dprA::Erm, ∆cbpD::Kan, and 
3xFLAG tag was translationally-fused 





Table A.1 (cont.) 
Strain Relevant Properties Origin/Ref. 
ΔdprAΔcibAB-comM-
3xFLAG 
D39, but ∆dprA::Erm, ∆cibAB::Kan, 
and 3xFLAG tag was translationally-
fused to the C-terminus of comM; 
ErmR, KanR, CmR 
This work 
WT-rplL-luxABCDE D39, but promoterless bioluminescence 
reporter genes luxABCDE 
transcriptionally-fused behind the rplL 
gene; CmR 
This work 
ΔdprA-rplL-luxABCDE D39, but ∆dprA::Kan, promoterless 
bioluminescence reporter genes 
luxABCDE transcriptionally-fused 
behind the rplL gene; KanR, CmR 
This work 
dut::SJC D39, but dut::sacB-kan-rpsL+; KmR, 
SmS, SuS 
This work 
∆scRNA6-49 D39, but ∆scRNA6-49 This work 
∆scRNA143-185 D39, but ∆scRNA143-185 This work 
∆ffh D39, but ∆ffh::Erm; ErmR This work 
∆ftsY D39, but ∆ftsY::Erm; ErmR This work 
∆yidC1 D39, but ∆yidC1::Erm; ErmR This work 




Table A.2 Plasmids used in this study.  
Plasmid Relevant Properties Origin/Reference 
pEVP3 Stable in E. coli, contains lacZ 






pEVP3-rplL pEVP3, but has lacZ transcriptionally-fused 
behind the rplL gene; CmR  
This work 
pEVP3-luc pEVP3, but has lacZ gene replaced by a 
transcriptional firefly luciferase reporter 
luc; CmR 
This work 
pEVP3-luxABCDE pEVP3, but has lacZ gene replaced by the 
transcriptionally-fused bioluminescence 
reporter luxABCDE; CmR 
This work 
pEVP3-luxABCDE-ssbB pEVP3-luxABCDE, but with luxABCDE 
transcriptionally-fused behind the ssbB 
gene; CmR 
This work 
pEVP3-FLX3 pEVP3, but has lacZ gene replaced by a 
translationally-fused 3xFLAG tag, 
followed by a transcriptionally-fused 
bioluminescence reporter luxABCDE; CmR 
This work 
pEVP3-FLX3-lytA pEVP3-FLX3, but has 3xFLAG tag 
translationally-fused to the C-terminus of 
the lytA gene, followed by the 
bioluminescence reporter luxABCDE genes 
transcriptionally-fused to the 3xFLAG-
tagged lytA gene; CmR 
This work 
pEVP3-FLX3-cbpD pEVP3-FLX3, but has a 3xFLAG tag 
translationally-fused to the C-terminus of 
cbpD, and with the bioluminescence 
reporter luxABCDE transcriptionally-fused 
to the 3xFLAG-tagged cbpD gene; CmR 
This work 
pEVP3-luc-comM pEVP3-luc, but with the luc gene 
transcriptionally-fused to the comM gene; 
CmR 
This work 
pEVP3-3xFLAG pEVP3, but has the lacZ gene replaced by a 
translational-fused 3xFLAG tag; CmR  
This work 
pEVP3-3xFLAG-comM pEVP3-3xFLAG, but has a 3xFLAG tag 
translationally-fused to the C-terminus of 
the comM gene; CmR 
This work 
pEVP3-rplL-luxABCDE pEVP3-luxABCDE, but with luxABCDE 
transcriptionally-fused behind the rplL 
gene; CmR 
This work 
Plasmids were maintained in DH5 with chloramphenicol antibiotics at 4 ug ml-1.  
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Table A.3 Oligonucleotides used in this study 
Oligonucleotides Sequence (5’ to 3’) Used in* 
rplLF CGGGGTACCCTTTCTATGCTCCTTTCTGTACTTC pEVP3-rplL/ 
pEVP3-
luxABCDE-rplL 
rplLR CGCGGATCCACTGGTAAATAGGGATTCCGCA   pEVP3-rplL/ 
pEVP3-
luxABCDE-rplL 
SJCF TCTGTCTTGATTGAAAACACCCTA cbpD::SJC / 
cibAB::SJC 
SJCR TTATGCTTTTGGACGTTTAGTACC cbpD::SJC / 
cibAB::SJC 








cbpDSJCD2 CCCAGATAATACCACGAGCCATTC cbpD::SJC / 
∆PcomXcbpD 
cbpDFx TGGAAGCTCGCTCGCAACAAACGAC cbpD::SJC / 
∆PcomXcbpD 





cbpDx2 TCACTTTTTCATTTAGGTGAAGGCAATCATCGCT ∆PcomXcbpD 








cibABSJCD2 CGACTTCTTCAGGTTTAAGAGTGTAGG cibAB::SJC / 
∆PcomXcibAB 
cibABFx CTTCTGCTTCAAAGAGAGTCTCCTG cibAB::SJC / 
∆PcomXcibAB 










Table A.3 (cont.) 
Oligonucleotides Sequence (5’ to 3’) Used in* 







comMDNR TTGTGCCCACTCTATCGCTTCTT ∆comM 
ermF CCGGGCCCAAAATTTGTTTGATTT ∆comM 
ermR AGTCGGCAGCGACTCATAGAAT ∆comM 
comMFx GAAGACCGAACTTACCTTGAATGGA ∆comM 
comMRx GCAAGTAAGGTTATCTGATTGTCCG ∆comM 
ropF-luc TCGCCGTGTAACAAGTGACCAAACAGGAAAAAACC pEVP3-luc 












































Table A.3 (cont.) 




























luxnER GGCGTCGACGTACGTTAACTATCAAACGCTTCGGTTA pEVP3-FLX3 
RopF-FLX3 TTAACGTACGCAAGTGACCAAACAGGAAAAAACC pEVP3-FLX3 







































Table A.3 (cont.) 
Oligonucleotides Sequence (5’ to 3’) Used in* 










dprADNR CCCACTCCCAGAATAGGTGTCATCA ΔdprA (Erm) 
comM-3xFLAG 
dprAFx AGGCTACAGGCTTGAACGTGAGCTA ΔdprA (Erm) 
comM-3xFLAG 
















scRNAUP2 AATCGCTTAGGCTCCACTATTTATTATATCACATTC ∆scRNA6-49 







ffhU1a ATATGGATCCCGAATCGTTATCAAGTGGATGGGCA ∆ffh 
ffhU2a GGCCCGGACGACCCGCAGTATCAATCAAGACA ∆ffh 
ffhD1a CTGCCGACTCGTATGGCTAACAAAATGAAGAAAG ∆ffh 
ffhD2a TGGTCACTTGTGCTCTGGTAGCCGTTGTTACTTTC ∆ffh 
ffhermF GCGGGTCGTCCGGGCCCAAAATTTGTTTGATTT ∆ffh 
ffhermR AGCCATACGAGTCGGCAGCGACTCATAGAAT ∆ffh 
ffhFx TGTCAGTCGTCAGGCTGTCTATG ∆ffh 
ffhRx CTATCTTGCCAATCGCTATCGTA ∆ffh 
ftsYU1a ATATGGATCCTGGGTTAATGAACATGTCCCTGGTG ∆ftsY 
ftsYU2a GGCCCGGTGTGTCTTGGATTTCCTCTTCTTGG ∆ftsY 
ftsYD1a CTGCCGACTTGGCTGAGTTGGAAAAGATTGGTC ∆ftsY 
ftsYD2a TGGTCACTTGACAAGTTGAATGACGAACTCCTAGC ∆ftsY 
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Table A.3 (cont.) 
Oligonucleotides Sequence (5’ to 3’) Used in* 
ftsYermF CAAGACACACCGGGCCCAAAATTTGTTTGATTT ∆ftsY 
ftsYermR ACTCAGCCAAGTCGGCAGCGACTCATAGAAT ∆ftsY 
ftsYFx GACGGATCGTACCAAGGAAACC ∆ftsY 
ftsYRx TCGTAGCGAGCCAAATGTGAAT ∆ftsY 
yidC1U1 ATATGGATCCCTTATCGCTACCCTCTACCAACAA ∆yidC1 
yidC1U2 GGCCCGGTGATTTCCGCAAAGAAGTAAACCAA ∆yidC1 
yidC1D1 CTGCCGACTTCCATTCAAGATTATCGCAGAGC ∆yidC1 
yidC1D2 TGGTCACTTGATTCCAAAGTCAGTAGATGTCCCA ∆yidC1 
yidC1ermF CGGAAATCACCGGGCCCAAAATTTGTTTGATTT ∆yidC1 
yidC1ermR TGAATGGAAGTCGGCAGCGACTCATAGAAT ∆yidC1 
yidC1Fx CAGTCGTGTTCTTAACCGTGAATCA ∆yidC1 
yidC1Rx GGATAATCTTGCGTTCGCTATTTGAC ∆yidC1 
yidC2U1 ATATGGATCCAATCCCACTCAAGTCTTTCTTGGTA ∆yidC2 
yidC2U2 GGCCCGGGACACAACCAGTCAAGACAAGCAAC ∆yidC2 
yidC2D1 CTGCCGACTTTACTGGGTTGTCGGTGGTTTC ∆yidC2 
yidC2D2 TGGTCACTTGCTTGATTGGTGAGGGAGTTCGT ∆yidC2 
yidC2ermF GGTTGTGTCCCGGGCCCAAAATTTGTTTGATTT ∆yidC2 
yidC2ermR CCCAGTAAAGTCGGCAGCGACTCATAGAAT ∆yidC2 
yidC2Fx CGGTAAATGGGCAGATGGAAATGA ∆yidC2 
yidC2Rx TGGACAAGTGACAGGGATGGTG ∆yidC2 
* Used in construction of the strains or plasmids. 
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